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Abstract 

This master thesis deals with the volumetric flow reduction of the vacuum system of pulp 

drying machines, without reducing the vacuum height and the flow at the position where 

vacuum is applied. An important characteristic is that the air in the system is highly saturated.  

Vacuum is applied in many sections of a pulp drying machine and is very energy consuming. 

Approximately 1/3 of all the energy used during the operation of a drying machine can be 

assigned to the vacuum system. Not only operating costs are high, also investment costs are 

remarkable. Therefore, this master thesis focuses its’ research on reducing the costs for the 

vacuum system. 

The thermodynamic fundamentals of first and second law of thermodynamics and the basics 

of ideal gases and mixtures related to them are provided. Deeper consideration is given on the 

mixture of vapour and (dry) air that form the moist air. The principles of fluid dynamics and 

the mass and heat transfer by phase changes are presented as well and finally, some 

consideration about surface condensation is provided. 

The investigated vacuum system is introduced as well, by describing its schematic and the 

main components. Additionally, the thermodynamic cooling and condensation model is 

provided and based on this the potential of volumetric flow reduction is presented in the end. 

Next, a CFD calculation is introduced. Hence, ANSYS FLUENT 15.0 and the discrete phase 

model (DPM) was used. To simulate the condensation from the highly saturated moist air 

(continuous phase) to the droplets injected (discrete phase) an UDF is provided. Results and a 

conclusion of the CFD calculation are presented at the end of this section. 

Additionally, an experimental setup is described. The documentation consists of the planning, 

assembling and the methodical implementation of the experiment carried out at the pilot plant 

in Graz. The results and findings of the investigation are described in this chapter as well. 

Finally, a conclusion of the results, and a forecast of the continuation, and the next steps based 

on the results from the experimental investigation and the CFD calculation are specified. 

In the chapters 3, 4 and 5 a short conclusion of researches carried out in the current chapter is 

prepared, that is linking to the overall research goals of the thesis. 



X    

 

 

Kurzfassung 

In dieser Masterarbeit wird die mögliche volumetrische Vakuumstromreduktion des 

Vakuumsystems einer Zellstoffentwässerungsmaschine untersucht, wobei die 

Entwässerungseigenschaft, dass das Vakuum ausübt nicht beeinträchtigt werden darf. Der 

Vakuumstrom kann als gesättigter, feuchter Luftstrom angenommen werden. 

Vakuum findet in vielen Bereichen der Zellstoffentwässerung seine Anwendung. Es wird 

sowohl zum entwässern des Zellstoffes selbst als auch zur Entladung der Pressfilze eingesetzt. 

Daher ist die Energieaufnahme mit rund 1/3 des gesamten Energiebedarfs der zum Betrieb 

benötigt wird beachtlich. Neben den Betriebskosten sind auch die Investitionskosten nicht 

außer Acht zu lassen. Daher ist das Ziel in dieser Masterarbeit, die Kosten die für das 

Vakuumsystem anfallen durch eine Volumenstrom- Reduktion zur verringern. 

Die thermodynamischen Grundlagen rund um den ersten und zweiten Hauptsatze sowie die 

Eigenschaften von idealen Gasen und deren Mischungen werden im Zuge einer 

Literaturrecherche vorgestellt. Dabei wird besonders auf die Mischung der beiden idealen 

Gase „trockene Luft“ und „Dampf“ eingegangen, die zusammen die Mischung „feuchte Luft“ 

ergeben. Des Weiteren wird auf die Strömungsgrundlagen eingegangen und der Wärme- und 

Stofftransport infolge Kondensation erklärt. Schlussendlich wird auf die sogenannte 

Oberflächenkondensation genauer eingegangen. 

Im darauffolgenden Kapitel wird auf das Vakuumsystem von 

Zellstoffentwässerungsmaschinen genauer eingegangen und dessen Eigenschaften erläutert. 

Des Weiteren wird das thermodynamische Kondensationsmodell erklärt und darauf 

aufbauend, das volumetrische Reduktionspotential des Vakuumstroms an jeder Vakuum- 

beaufschlagten Position einer Zellstoffentwässerungsmaschine präsentiert. 

Im darauffolgenden Teil wird eine CFD Berechnung, durchgeführt mit der Software ANSYS 

FLUENT 15.0, vorgestellt. Um die Kondensation zu simulieren wurde das „Discrete Phase 

Model“ (DPM) verwendet und zusätzlich noch mit einer „User Defined Function“ (UDF) 

erweitert. Die Resultate werden in Bezug auf die Aufgabenstellung am Ende des Kapitels 

erklärt. 

Ergänzend zur CFD Berechnung wird ein Versuchsaufbau präsentiert. Der Versuchsaufbau, 

das verwendete Equipment sowie die verwendeten Messgeräte werden in diesem Kapitel 

präsentiert. Die Methodik der Versuchsdurchführung und die Ergebnisse des Versuchs 

werden am Ende präsentiert. 

Schlussendlich werden die gesamten Ergebnisse der Arbeit zusammengefasst und die 

nachfolgenden Schritte für dieses Projekt werden erläutert. 

Zusätzlich zur gesamten Zusammenfassung ist für die Kapitel 3, 4 und 5 jeweils eine separate 

Zusammenfassung der einzelnen durchgeführten Schritte aus dem jeweiligen Kapitel 

angefügt, die den Bezug zur Aufgabenstellung nochmals herstellen. 
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1 Introduction 

Andritz Pulp&Paper is one of the leading suppliers for pulp mills and pulp drying systems. In 

the following master thesis, the focus is put on the pulp dewatering machine. It is the part of 

the pulp mill that forms the chemically treated pulp from a suspension with approximately 2% 

pulp content (98% water) to a sheet with pulp content (dryness) of >50%. 

Vacuum is used in many sections of the machine during the process of pulp dewatering. On 

the one hand it is used directly for pulp dewatering and on the other hand vacuum is used to 

dewater felts and other equipment to enhance dewatering properties at the different presses. In 

the sketch below, all vacuum applied positions of a standard machine (Twin Wire Former) are 

marked. 

 

Figure 1-1: Vacuum applied positions of a standard Twin Wire Former [17] 

To improve dewatering properties the process temperatures have a tendency to get higher. 

Due to the higher process temperatures, the specific volume of the moist air flow increases 

and the partial pressure of the vapour rise with a higher temperature, which results in a higher 

vapour content in the moist air flow. Both, the higher spec. volume and the higher vapour 

component lead to increased volumetric flow and therefore, the vacuum pumps (or radial 

blowers) and all the equipment needs to be sized enlarged and therefore, higher investment 

costs arise. Furthermore, energy costs for generating the vacuum increase significantly and 

lead to higher operating costs. Nowadays, roughly 1/3 of the whole energy consumption of a 

modern dewatering machine is used for generating the vacuum. 

1.1 Goal of the project 

To reduce costs of investment for the equipment and operation, a thermodynamic system 

should be developed to reduce the volumetric flow from the suction boxes to the vacuum 

pumps. The vacuum level and the flow must not be reduced at the vacuum boxes in order not 

to change the dewatering properties. Therefore, the flow should be cooled down after the 

vacuum applied positions to increase the density of the dry air and to reduce the content of 

vapour in the highly saturated moist air flow. 

The cooling effect should be achieved by using cold water that is injected by a spray into the 

vacuum pipes. The ground is that the water can be reused in other parts of the process. The 

contained process water can be assumed to be minimal and therefore, be ignored. 



2  Introduction 

 

By injecting the cooling spray, the thermodynamic saving potential and the volumetric flow 

reduction of such a system should be shown. Additionally, parameters that have an influence 

on the volumetric flow reduction should be defined and their effect on it should be 

investigated. 



Research on volumetric reduction of a highly saturated vacuum flow 3 

 

2 Theoretical background 

In this chapter, the used methods of thermodynamical fundamentals and coherences, which 

are important to understand, are described and explained. Besides the basics, such as the 1
st
 

law of thermodynamics and the principles of fluid dynamics, the focus is mainly put on 

condensation of vapour in the moist air. Other basics are briefly presented. 

2.1 Thermodynamical fundamentals 

Thermodynamics is built on the laws of physics and chemistry. It is dealing with the 

transformation of different forms of energy, such as mechanical, chemical and heat energy 

whereby, mechanical and heat energy are the most important for technical thermodynamics. 

In most cases it is not sufficient to observe the macroscopical phenomena and not the 

microscopical. Therefore, macroscopical properties for the most important substances are 

available in tables, charts or diagrams [1], [2]. 

2.1.1 Thermodynamic system 

For most of the thermodynamic problems, it is necessary to define a system with its borders. 

Depending on how the borders are chosen and depending on the kind of process, the system 

can either be closed or opened, homogenous or heterogeneous, steady state or transient, 

adiabatic or non- adiabatic [1]. 

2.1.2 State variables 

The following section is directly taken from [1]. Once a system is homogenously balanced, its 

thermodynamic condition can be described independent from its location with a small number 

of physical variables, such as temperature T, pressure p, volume V and mass m. These 

physical variables are called state variables and can be divided as follows: 

 Intensive state variables are independent from the size of the system, such as 

temperature T and pressure p. 

 Extensive state variables depend on the size of the system, such as mass m, volume V 

or inner energy U. 

 Specific or molar state variables are variables that are based to the mass m (specific) 

or on the amount of a substance n (molar). They are also independent from the size of 

the system. 

 Thermic state variables are pressure p, temperature T and specific volume and are 

coupled by the thermodynamic state equations. 

𝐹(𝑝, 𝑇, 𝑣) = 0  (2-1) 

 Caloric state variables are specific inner energy u and specific enthalpy h. They are 

defined by the caloric state equations 

𝑓(𝑢, 𝑇, 𝑣) = 0               𝑓(ℎ, 𝑇, 𝑣) = 0   (2-2) 

 Specific entropy s is an independent state variable and is defined by an entropy state 

equation. 

𝐹(𝑠, 𝑇, 𝑣) = 0  (2-3) 

2.1.3 Thermodynamic process 

If the thermodynamic balance becomes disrupted, e.g. by adding energy, the state of the 

thermodynamic system will change. This change is called a “process” and is accompanied 

with a transport of heat, work or mass over the borders of the system.  
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2.1.4 1
st
 law of thermodynamics 

The first law of thermodynamics reflects the conservation of energy. It stated that energy of a 

system can neither be generated nor destructed but only changes if energy is transported over 

the borders of the thermodynamic system. In the case of a closed system, energy can be 

transferred as heat Q and work W. In the case of an open system, energy can also be 

transported by mass transfer. 

In its general form the 1
st
 law of thermodynamics for a transient and open system is defined as 

follows: 

𝛿𝑊𝑡 + 𝛿𝑄𝑎 + ∑𝑑𝑚𝑖(ℎ𝑖 + 𝑒𝑎𝑖) = 𝑑𝑈 + 𝑑𝐸𝑎

𝑖

 (2-4) 

The left side of the equation describes the energy transferred over the borders of the system, 

such as technical work W, heat Qa and the energies of the transferred mass flows mi. On the 

right side of the equation the inner energies of the system are shown, such as the inner energy 

U and the external energy Ea. The external energy consists of potential and kinetic energy. 

2.1.5 2
nd

 law of thermodynamics 

The 2
nd

 law of thermodynamics states that natural processes such as heat transfer, mixing 

processes and friction processes are irreversible. This explicitly means that heat can only be 

transported from a body with a higher temperature to a lower one. To define the direction of 

energy transport it is necessary to introduce the state variable entropy. Entropy is a measure 

for the irreversibility of a process. Therefore, the 2
nd

 law of thermodynamics can be defined as 

follows: 

In all natural systems irreversible entropy is generated: dSirr ≥ 0 
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2.2 Phase transition and aggregation states 

All of the following equations, definitions and considerations are taken from [1] and [2]. 

For pure substances aggregation states and phase transitions are similar and therefore, they 

can be treated generally. By the help of the specific heat capacity, coherences between 

thermic and caloric state variables are defined. For solids and liquids it can be assumed that cv  
≈ cp ≈ c as the change of density can be disregarded. For gases this assumption is not valid and 

therefore, cv  ≠ cp. 

The change of aggregation states from solid to liquid and liquid to gaseous for a pure 

substance is shown in the T-s diagram in Figure 2-1 and takes place at constant pressure p and 

temperature T. For a change of aggregation, the heat of evaporation or condensation emerges. 

 

Figure 2-1: T-s – diagram of a pure substance [1] 

2.2.1 Ideal gas 

The assumption of ideal gas is per definition an idealisation but is valid for a wide range of 

gases, such as pure air and moist air. Moist air is actually a mixture between pure air and 

vapour. In the gas theory, the interaction of forces between the atoms is disregarded, apart 

from an exchange of momentum when the molecules collide with each other. The thermal 

state equation for ideal gases is defined as follows: 

𝑝 ∗ 𝑣 = 𝑅 ∗ 𝑇  (2-5) 

This ideal gas equation includes both, the laws from Boyle- Mariotte and Gay-Lussac. 

The ideal gas equation points out that specific inner energy and specific enthalpy only depend 

on the temperature and therefore both specific heat capacities cv and cp can only vary with 

temperature but are independent of pressure. This leads to the following definitions: 

𝑢(𝑇) = ∫ 𝑐𝑣(𝑇)𝑑𝑇 + 𝑢0

𝑇

𝑇0

  (2-6) 
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ℎ(𝑇) = ∫ 𝑐𝑝(𝑇)𝑑𝑇
𝑇

𝑇

 (2-7) 

For further basic theory of ideal gases please refer to technical literature, such as [1]. Mixture 

of ideal gases; and particularly moist air; are described in the upcoming chapters. 

2.2.2 Real gas 

Real gases do not play a role in this master thesis but for the sake of completeness they are 

briefly described. Real gas calculations need to be carried out if temperatures and pressure 

levels are in regions where the enthalpy depends on temperature and pressure, e.g. two- phase 

area, and the assumption of ideal gas would lead to inaccurate results. Real gas behaviours 

can be calculated applying extensive equations and are described by approximations with 

mathematical approaches. 

2.3 Mixture of ideal gases 

All of the following equations, definitions and considerations are taken from [1] and [2]. 

As already described in the chapter of ideal gases forces, except for the momentum exchange 

between molecules and particles, can be neglected. This is also valid for a mixture of two or 

more ideal gases. It is’ assumed that each of the components occupy the same volume V and 

have the same temperature T. As all components satisfy to the law of ideal gases they have 

different specific volumes vi and different (partial-) pressures pi. 

In Dalton’s law it is defined as follows, the sum of all partial pressures pi results in the total 

pressure p. 

𝑝 = ∑𝑝𝑖

𝑘

𝑖=1

 (2-8) 

The composition of a mixture of k ideal gases can be defined in three different ways: 

1. Definition of mass- shares 

𝜇𝑖 =
𝑚𝑖

𝑚
  ;     ∑𝜇𝑖 = 1

𝑘

𝑖=1

 (2-9) 

2. Definition of mole- shares 

𝑣𝑖 =
𝑛𝑖

𝑛
  ;   ∑𝑣𝑖 = 1

𝑘

𝑖=1

 (2-10) 

3. Definition of volume- shares 

𝜑𝑖 =
𝑉𝑖

𝑉
  ;   ∑𝜑𝑖 = 1

𝑘

𝑖=1

 (2-11) 

For ideal gases, the volume- share equals the mole-share. Therefore, the specific caloric state 

variables can be defined as follows: 

𝑢 = ∑𝜇𝑖 ∗ 𝑢𝑖

𝑘

𝑖=1

 (2-12) 
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ℎ = ∑𝜇𝑖 ∗ ℎ𝑖

𝑘

𝑖=1

 (2-13) 

𝑐𝑣 = ∑𝜇𝑖 ∗ 𝑐𝑣𝑖

𝑘

𝑖=1

 (2-14) 

𝑐𝑝 = ∑𝜇𝑖 ∗ 𝑐𝑝𝑖

𝑘

𝑖=1

 (2-15) 

 

2.3.1 Moist air 

Moist air is a mixture of dry air (pure air) and vapour at moderate pressures and temperatures 

and it is one of the most important compositions of ideal gases. Dalton’s law is valid. 

𝑝 = 𝑝𝑎 + 𝑝𝑣 (2-16) 

An important property of moist air is that in a closed system and a given composition the 

amount of dry air does not change, while the vapour content can change due to condensation 

or evaporation. Therefore, it is appropriate to refer specific values of the mixture on 1kg of 

dry air instead on 1kg mixture. The degree of humidity x can therefore, be defined as follows: 

𝑥 =
𝑚𝑣

𝑚𝑎
 (2-17) 

For dry air the law for ideal gases is valid. 

𝑝𝑎 ∗ 𝑉 = 𝑚𝑎 ∗ 𝑅𝑎 ∗ 𝑇 (2-18) 

In working ranges of temperatures t<100°C and until the vapour saturation line the vapour 

can be assumed as ideal gas as well. 

𝑝𝑣 ∗ 𝑉 = 𝑚𝑣 ∗ 𝑅𝑣 ∗ 𝑇 (2-19) 

The properties of saturated air can be looked up in tables or charts. For all temperatures, a 

partial pressure of saturation pv`(t) is assigned at which condensation starts or evaporation 

takes places. A mixture of air and vapour is designated as saturated if its’ relative humidity 

𝜑=1 if the actual vapour pressure pv equals pv’(t). Relative humidity is defined as the quotient 

of the actual partial pressure of vapour and the saturated vapour pressure. 

𝜑 =
𝑝𝑣

𝑝𝑣′(𝑡)
 

(2-20) 

The partial pressure of saturation cannot be exceeded. Excess vapour is condensed and takes 

place along the vapour saturation line of the T-s diagram, as shown in Figure 2-1. 
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2.4 Principles of fluid dynamics 

In the following chapter the principles of fluid dynamics are briefly presented to understand 

the coherences between thermodynamic and fluid dynamics. For deeper reflection and 

mathematical derivation, a reference is made to the relevant literature. All of the following 

assumptions and formulas are based on [3]. 

In most technical problems, it is not sufficient to work with just the 1
st
 and 2

nd
 law of 

thermodynamics. Most processes working with fluids can only be appropriately described by 

the mechanics of fluids, e.g. heat transfer. To describe physical quantities in time and place it 

is necessary to define the conservation equations for mass, momentum and energy. 

The following definitions are based on a fixed control volume with timewise constant volume 

dV and timewise constant surface dO. 

2.4.1 Continuity equation 

Based on the axiom that mass can neither be generated nor demolished, the continuity 

equation integral form is defined as follows: 

∫
𝜕𝜌

𝜕𝑡
𝑑𝑉

𝑉

= − ∫(𝜌𝑣 ∙

𝑂

�⃗� ) 𝑑𝑂 (2-21) 

In differential form the equation of continuity can be defined as: 

𝜕𝜌

𝜕𝑡
+ (∇⃗⃗ ∙ 𝜌𝑣 ) = 0 (2-22) 

In words the equation of continuity can be defined as follows: 

(
𝑡𝑖𝑚𝑒𝑤𝑖𝑠𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 𝑜𝑓 𝑚𝑎𝑠𝑠 𝑤𝑖𝑡ℎ𝑖𝑛

𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑣𝑜𝑙𝑢𝑚𝑒
) + (𝑚𝑎𝑠𝑠 𝑖𝑛𝑓𝑙𝑢𝑥) − (𝑚𝑎𝑠𝑠 𝑜𝑢𝑡𝑓𝑙𝑢𝑥) = 0 

 

2.4.2 Momentum equation 

The timewise change of momentum is attributable to the forces acting on the surface and 

volume forces on the control volume. The momentum is a vectorial quantity and therefore, an 

equation can be defined for each direction x, y and z. 

In integral form the equation of momentum is defined as follows: 

∫
𝜕

𝜕𝑡
(𝜌�⃗⃗� )𝑑𝑉 + ∫ 𝜌�⃗⃗� (�⃗⃗� ∙ �⃗⃗� 

𝑂𝑉

)𝑑𝑂

= ∫ −

𝑂

𝑝�⃗⃗�  𝑑𝑂 + ∫ �⃗� 𝑥
𝑂

�⃗⃗� 𝑥 𝑑𝑂 + ∫ �⃗� 𝑦
𝑂

�⃗⃗� 𝑦 𝑑𝑂 + ∫ �⃗� 𝑧�⃗⃗� 𝑧 𝑑𝑂

𝑂

+ ∫ 𝜌

𝑉

�⃗⃗� 
𝐵
𝑑𝑉 

 

(2-23) 
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In differential form for all three coordinate directions: 

𝜕𝜌𝑢

𝜕𝑡
+ (∇⃗⃗ ∙ 𝜌𝑢�⃗⃗� ) = −

𝜕𝑝

𝜕𝑥
+

𝜕𝜏𝑥𝑥

𝜕𝑥
+

𝜕𝜏𝑦𝑥

𝜕𝑦
+

𝜕𝜏𝑧𝑥

𝜕𝑧
+ 𝜌 𝑓𝑥

𝐵
 (2-24) 

𝜕𝜌𝑣

𝜕𝑡
+ (∇⃗⃗ ∙ 𝜌𝑣�⃗⃗� ) = −

𝜕𝑝

𝜕𝑦
+

𝜕𝜏𝑥𝑦

𝜕𝑥
+

𝜕𝜏𝑦𝑦

𝜕𝑦
+

𝜕𝜏𝑧𝑦

𝜕𝑧
+ 𝜌 𝑓𝑦

𝐵
 (2-25) 

𝜕𝜌𝑤

𝜕𝑡
+ (∇⃗⃗ ∙ 𝜌𝑤�⃗⃗� ) = −

𝜕𝑝

𝜕𝑧
+

𝜕𝜏𝑥𝑧

𝜕𝑥
+

𝜕𝜏𝑦𝑧

𝜕𝑦
+

𝜕𝜏𝑧𝑧

𝜕𝑧
+ 𝜌 𝑓𝑧

𝐵
 (2-26) 

In words the equation of momentum can be written as: 

(
𝑡𝑖𝑚𝑒𝑤𝑖𝑠𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 𝑜𝑓 𝑖𝑚𝑝𝑢𝑙𝑠𝑒
𝑤𝑖𝑡ℎ𝑖𝑛 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑣𝑜𝑙𝑢𝑚𝑒

) + (𝑜𝑢𝑡𝑔𝑜𝑖𝑛𝑔 𝑖𝑚𝑝𝑢𝑙𝑠𝑒) − (𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝑖𝑚𝑝𝑢𝑙𝑠𝑒) 

𝑒𝑞𝑢𝑎𝑙𝑠 𝑎𝑙𝑙 𝑓𝑜𝑟𝑐𝑒𝑠 𝑎𝑐𝑡𝑖𝑛𝑔 𝑜𝑛 𝑡ℎ𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑠 𝑎𝑛𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 

 

Applying Stokes’ law for Newtonian fluids: 

𝜌 ⌊
𝜕𝑢

𝜕𝑡
+ (𝑣 ∙ ∇⃗⃗ )𝑢⌋ = −

𝜕𝑝

𝜕𝑥
+ 𝜇 (

𝜕2𝑢

𝜕𝑥2
+

𝜕2𝑢

𝜕𝑦2
+

𝜕2𝑢

𝜕𝑧2
) + 𝜌𝑓𝑥

𝐵 (2-27) 

𝜌 ⌊
𝜕𝑣

𝜕𝑡
+ (𝑣 ∙ ∇⃗⃗ )𝑣⌋ = −

𝜕𝑝

𝜕𝑦
+ 𝜇 (

𝜕2𝑣

𝜕𝑥2
+

𝜕2𝑣

𝜕𝑦2
+

𝜕2𝑣

𝜕𝑧2
) + 𝜌𝑓𝑦

𝐵 (2-28) 

𝜌 ⌊
𝜕𝑤

𝜕𝑡
+ (𝑣 ∙ ∇⃗⃗ )𝑤⌋ = −

𝜕𝑝

𝜕𝑧
+ 𝜇 (

𝜕2𝑤

𝜕𝑥2
+

𝜕2𝑤

𝜕𝑦2
+

𝜕2𝑤

𝜕𝑧2
) + 𝜌𝑓𝑧

𝐵 (2-29) 

These are named the “Navier- Stokes” equations. 

2.4.3 Equation of energy 

Timewise change of the total energy (kinetic, potential and inner energy) of a control volume 

equals the sum of the work of the external forces, the heat transfer and the energy gained by 

inner heat sources. 

The integral form of the equation of energy can therefore, be defined as follows: 

∫
𝜕

𝜕𝑡
[𝜌 (𝑒 +

𝑣 2

2
)] 𝑑𝑉 + ∫ 𝜌

𝑂𝑉

(𝑒 +
𝑣 2

2
) (𝑣 ∙ �⃗� )𝑑𝑂 

= ∫(𝜌𝑣 ∙ 𝑓 𝐵)

𝑉

𝑑𝑉 − ∫(𝑝𝑣 ∙ �⃗� )𝑑𝑂

𝑂

+ ∫(𝑣 ∙ 𝜏𝑥⃗⃗  ⃗)𝑛𝑥 𝑑𝑂

𝑂

 

+ ∫(𝑣 ∙ 𝜏𝑦⃗⃗⃗⃗ )𝑛𝑦 𝑑𝑂 +

𝑂

∫(𝑣 ∙ 𝜏𝑧⃗⃗  ⃗)𝑛𝑧 𝑑𝑂

𝑂

− ∫(𝑞 ∙ �⃗� )𝑑𝑂 + ∫ �̇�𝑄𝑑𝑉

𝑂

 

(2-30) 
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In differential form: 

𝜕

𝜕𝑡
⌊𝜌 (𝑒 +

𝑣 2

2
)⌋ + (∇⃗⃗ ∙ 𝜌𝑣 (𝑒 +

𝑣 2

2
))

= 𝜌(𝑣 ∙ 𝑓 𝐵) − (∇⃗⃗ ∙ 𝜌𝑣 ) +
𝜕

𝜕𝑥
(𝑢𝜏𝑥𝑥 + 𝑣𝜏𝑥𝑦 + 𝑤𝜏𝑥𝑧) 

+
𝜕

𝜕𝑦
(𝑢𝜏𝑦𝑥 + 𝑣𝜏𝑦𝑦 + 𝑤𝜏𝑦𝑧) +

𝜕

𝜕𝑧
(𝑢𝜏𝑧𝑥 + 𝑣𝜏𝑧𝑦 + 𝑤𝜏𝑧𝑧) − (∇⃗⃗ ∙ 𝑞 ) + �̇�𝑄 

(2-31) 

In words the equation of energy can be described as 

(
𝑡𝑖𝑚𝑒𝑤𝑖𝑠𝑒 𝑐ℎ𝑎𝑛𝑔𝑒 𝑜𝑓 𝑒𝑛𝑒𝑟𝑔𝑦
𝑤𝑖𝑡ℎ𝑖𝑛 𝑡ℎ𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑣𝑜𝑙𝑢𝑚𝑒

) + (
𝑜𝑢𝑡𝑔𝑜𝑖𝑛𝑔

𝑒𝑛𝑒𝑟𝑔𝑦 𝑓𝑙𝑢𝑥
) − (

𝑖𝑛𝑐𝑜𝑚𝑖𝑛𝑔 
𝑒𝑛𝑒𝑟𝑔𝑦 𝑓𝑙𝑢𝑥

) = 

 

= (
𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 𝑡ℎ𝑒 
𝑜𝑢𝑡𝑒𝑟 𝑓𝑜𝑟𝑐𝑒𝑠

) + (
ℎ𝑒𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑓𝑒𝑟 𝑡ℎ𝑟𝑜𝑢𝑔ℎ

𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑜𝑛
) + (

𝑖𝑛𝑛𝑛𝑒𝑟
ℎ𝑒𝑎𝑡 𝑠𝑜𝑢𝑟𝑐𝑒𝑠

) 

 

2.5 Heat transfer [3], [4] 

Energy can be transferred by interaction from a system to its environment. From the 2
nd

 law 

of thermodynamics it is known that heat can be transferred only from objects with higher 

temperatures to those with lower ones. This means that heat transfer is a result of a 

temperature gradient. There are three different possibilities to describe the heat transfer: 

 Heat conduction 

 Convection 

 Heat radiation 

In the following sections these three possibilities are described in a basic way. For deeper 

understanding please refer to the relevant literature. 

2.5.1 Heat conduction 

Considerable heat conduction occurs in fluids or solids. The reasons for this can be explained 

through microscopical consideration. Heat conduction arises due to impact of particles with 

different kinetic energies, which is equivalent to different temperature. Energy is transferred 

from particles with higher kinetic energy to particles with lower kinetic energy. In solids and 

fluids, the distances between particles are small and therefore, the impacts take place 

statistically more often than in the gaseous phase, where the distance between the particles is 

larger. 

For solids and fluids the heat conduction can be described by the following simplified energy 

equation: 

𝜕𝑇

𝜕𝑡
=

𝜆

𝜌𝑐
(
𝜕2𝑇

𝜕𝑥2
+

𝜕2𝑇

𝜕𝑦2
+

𝜕2𝑇

𝜕𝑧2
) +

�̇�𝑞

𝑝𝑐
 (2-32) 

2.5.2 Convection 

Energy is not only transported by heat conduction but also by the use of a flow in a fluid or 

gas. This is called convection and consists of two components, firstly the molecular motion 

and secondly the macroscopical fluid motion. The fluid motion moves the molecules and with 

it the temperature difference and therefore, the heat transfer is increased. 
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2.5.3 Heat radiation 

All bodies that have a temperature T >0K emit heat radiation in the form of electromagnetic 

radiation. With increasing temperature the amount of emitted heat increases by the power of 

four. Therefore, a heat flux from bodies with a higher temperature to bodies with lower 

temperature arises. As described, this effect takes place for all bodies but only of importance 

when working with high temperatures, respectively temperature differences. 

2.6 Heat transfer by phase change 

Another way of transferring heat between two systems (elements, molecules, …) is by phase 

change. For this project only condensation (from gaseous to fluid phase) is relevant, ergo, 

only this method is described in greater detail. For the sake of completeness, it is noted that 

phase change also occurs by sublimation/re-sublimation (from gaseous to solid and reverse), 

melting/congelation (from solid to fluid and reverse) or evaporation (from liquid to gaseous). 

2.6.1 Condensation [4] 

Condensation of a pure substance takes place without temperature change, as in all other 

phase changes as well. The energy transfer is confined with the latent heat that gets free and is 

submitted over the border of the system to its surroundings. The heat transfer is dominated by 

convection due to the movement in the fluids and in the gaseous phase. Condensation has a 

wide range of applications in energy and process engineering. There are three possibilities of 

condensation that are of technical importance: 

 Surface condensation 

Condensation appears at a wall with a temperature lower than the saturation 

temperature: Tw < Tsat 

 Homogeneous condensation 

Condensation appears through a decrease of pressure p, which leads to a decrease of 

saturation temperature Tsat 

 Spray condensation (direct contact condensation) 

Cooling of gaseous phase appears by direct contact with fluid phase as shown in 

Figure 2-2. 

 

Figure 2-2: Spray condensation [4] 

For this master thesis only spray condensation is of relevance, ergo, only this method is 

described in further detail. For the other two methods of condensation please be referred to 

technical relevant literature, such as [4]. 
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2.6.2 Spray condensation 

Spray condensation describes the transition of the gaseous phase by direct contact with the 

fluid phase. If the gaseous phase comes in contact with a droplet of a temperature that is 

below saturation temperature, then condensation can take place. Therefore, the fluid is 

sprayed, in most applications in small droplets, into the gaseous phase and condensation takes 

place at the surface of the atomized droplets. The gaseous phase can either be present as pure 

vapour or can be mixed with an inert gas, e.g. moist air which is the sum of dry air and 

vapour. [5] 

The smaller the sprayed droplets are, the bigger the ratio gets of the droplet surface to the 

droplet mass. With a higher surface area, the condensation takes place faster and more 

effectively. [8] 

All of the following text passages are from [7]. Spray condensation is used in a wide range of 

technical applications. There are many advantages compared to the condensation on a solid 

surface, such as low investment costs, resilience against surface contamination and high heat 

transfer due to high surface to volume ratio. As a disadvantage, it must be mentioned that 

spray condensation is invalid in applications where it is not allowed to mix the spray with the 

gaseous phase. 

Disregarding the heat transfer to the surroundings (adiabatic system), the energy equation for 

spray condensation can be written as follows: 

𝑑𝑈

𝑑𝑡
= (�̇�𝑙,𝑖𝑛 + �̇�𝑔,𝑖𝑛) − (�̇�𝑙,𝑜𝑢𝑡 + �̇�𝑔,𝑜𝑢𝑡) (2-33) 

In this equation �̇�𝑙,𝑖𝑛 and �̇�𝑙,𝑜𝑢𝑡 are the enthalpy flows of the cooling liquid, and �̇�𝑔,𝑖𝑛 and 

�̇�𝑔,𝑜𝑢𝑡 are the enthalpy flows of the gaseous phase, respectively the mixture of vapour and 

inert gas. The change of inner energy in time dU/dt of the spray condensation needs to be only 

observed at transient calculations. 

Under the assumption of constant substance values, and in the case of a steady state process, 

the heat transferred to the cooling spray is defined as: 

�̇� = �̇� ∗ 𝑐𝑝 ∗ (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛) (2-34) 

The maximum transferable heat is defined as: 

�̇�𝑚 = �̇� ∗ 𝑐𝑝 ∗ (𝑇𝑆 − 𝑇𝑖𝑛) (2-35) 

With equation (2-34) and (2-35) the dimensionless end temperature of the condensate-spray 

mixture can be defined. This quotient is also known as heating figure: 

�̅� =
(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)

(𝑇𝑆 − 𝑇𝑖𝑛)
 (2-36) 

 

2.6.2.1 Heat transfer on a single droplet [7] 

As the surface of the cooling spray is large the highest possible heat transfer can be reached if 

the condensation takes place at a single droplet. The most important application for this is the 

condensation of vapour (gaseous water) at the surface of liquid droplets. Most of the 

calculations and estimated methods are based on the assumption that the diameter can be 

assumed to stay constant and the heat transfer resistance is negligible. Another common 

simplification is that droplets do not affect each other. With increased relative velocity 

between the liquid droplets and the vapour, the heat transfer increases as well. The increased 
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heat transfer can be explained by the oscillation of the droplets and the flow in the droplet. On 

the other hand, high condensation rates can lead to decreased heat transfer. 

In [7] an example clarifies important coherences that are shown in Figure 2-3 and Figure 2-4. 

In this example the speed of the steam flow is 2m/s, droplets are sprayed normal to the flow 

with a velocity of 6m/s, saturation temperature is assumed to be 40°C. None of the parameters 

are changed during the process. 

 

Figure 2-3: Trajectory of droplets in dependence of the radius [7] 

 

 

Figure 2-4: End temperature θm, dwell time t and volume share dv/dx of the droplets [7] 

 

Figure 2-3 shows that droplets with larger radii are less redirected from the flow. 

One important finding shown in Figure 2-4 is that θm, which is comparable with �̅� from 

equation (2-36), is 1 over a wide range of radius and decreases with larger radii. This means 

for a radius smaller than 0,4mm the heat transferred from the vapour flow to the droplets is at 

a maximum. With higher droplet diameters the heat transfer decreases below its maximum 

possible value. Dwell time decreases with increased radii of the droplets. 

2.6.2.2 Condensation in the presence of an inert gas 

In Figure 2-5 the influence of the inert gas share yD,G on the heat transfer k’ is shown. It shows 

that even the presence of small amounts of inert gas, e.g. pure air, leads to a remarkable 

decline of the heat transfer compared to the case of pure vapour. Furthermore, it is obvious 

flow 

direction 

2 m/s 
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that a higher flow speed increases the heat transfer. [6] 

 

Figure 2-5: Influence of the inert gas share on the heat transfer [6] 

Figure 2-6 shows the influence of the presence of the inert gas air to the condensation rate. At 

the x-axis the mass content of air is plotted. On the y-axis a temperature ratio is plotted, where 

TD is the saturation temperature of the steam in the flow, TPh is the saturation temperature at 

the phase boundary and TEin is the incoming temperature of the sprayed droplets. 

 

Figure 2-6: Influence of air on the condensation of vapour (gaseous water) [6] 

Likewise, in this chart it is obvious, that condensation speed dramatically decreases with the 

presence of even small mass shares of air in the vapour. 
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3 Thermodynamic consideration of the vacuum system 

As already defined in the introduction from Andritz, and after a literature review, no 

alternatives to the sprayed water droplets to cool a large air flow of up to several 100 m
3
/min 

on a technical and economical reasonable way was identified. 

A heat exchanger is mentioned at this point as a dissatisfactory example for a technical and 

economical solution. To reach a high heat transfer, the heat exchanger needs to be in direct 

contact with the hot vacuum flow and therefore, it needs to be implemented directly into the 

piping. As the flow can contain fibres and other small dirt contaminants, the heat exchanger 

would be covered with a layer after a few hours of operation time and the heat transfer 

coefficient between the moist air flow, and as a result, the heat exchange would decrease 

dramatically. As most of the machines run for weeks or even months on end until they are 

shut down again for maintenance work, from a technical point of view a heat exchanger is a 

poor solution. Furthermore, high effort would be necessary for cleaning the heat exchanger, 

which results in higher customer operational and maintenance costs. 

Due to the above mentioned arguments, an economically and technically reasonable solution 

is to cool the air flow with injected droplets. The sprayed water is heated up due to latent and 

sensible heat transfer from the hot moist air flow. The heated droplets can be reused in the 

further process and therefore, the transferred heat does not get lost. An investigation of 

possible usage of the heated spray water in the further process was not part of this master 

thesis. All of the following considerations are based on the assumption that the cooling 

system is realized with droplets that are sprayed directly into the moist air flow. 

For a better understanding, the vacuum system of a standard dewatering machine is 

introduced in the following chapter. Built up on that, the thermodynamic process is 

mathematically described and the theoretical background is presented. 

3.1 Overview of the vacuum system 

For a better understanding of the vacuum system Figure 3-1 shows the schematic of a vacuum 

flow system. 

 

Figure 3-1: Schematic overview of the process for cooling the moist air flow 
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As already described in the introduction, vacuum is used in many sections of the dewatering 

machine. The schematic structure and the process are similar for all vacuum applied positions. 

The main components are the vacuum box (Figure 3-2), the water separator (Figure 3-3) and 

the vacuum pump (Figure 3-4), or the blower together with the drive. They are connected to 

each other by a piping system. 

Suction Box 

The aim of the suction box is to dewater the pulp sheet or to dewater/unload the felts. 

Therefore, different vacuum levels and air flows are used. Process water, moist air and 

eventually vapour, additional to the vapour in the moist air, are drawn into the suction box. At 

this point the initial conditions 𝑉0, 𝑝0 and 𝑇0 can be measured. For the cooling system, the 

process water and the additional vapour should not be considered, according to Andritz, and 

therefore, it can be assumed that only highly saturated moist air is present for thermodynamic 

considerations. 

 

Figure 3-2: Typical linings of the suction box of a dewatering machine [17] 

Water separator 

The aim of the water separator is to separate the liquid process water, that comes from the 

dewatering process. The water in the case of the installation of the cooling spray also needs to 

be separated by the separators. The separated water is accumulated in the so called “white 

water tank” and is reused in the dewatering process. The (moist) air is sucked through the 

separator and heads forward to the vacuum pump or blower. 
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Figure 3-3: Typical water separators of a dewatering machine [17] 

Vacuum pump/blower 

Depending on the application, vacuum pumps or blowers are used for vacuum generation. 

Vacuum pumps are not sensitive to droplets in the sucked air flow, while blowers on the other 

hand, are much more sensitive to droplets in the vacuum flow. The trend shows that blowers 

are used for more applications as they are cheaper to install. So, it is important that the 

droplets transported to the vacuum generators are reduced to a minimum and all the process 

water, and the sprayed droplets, are led away as much as possible in the water separator. 

 

Figure 3-4: Typical vacuum pumps (incl. drive) for a standard dewatering machine [17] 
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3.1.1 Location of the cooling system 

As shown in Figure 3-1, the cooling system of the vacuum flow is assumed to be installed in 

the pipe between the suction box and the water separator. The reason for this is that cooling 

already in the suction box might result in negative effects on the dewatering properties of the 

suction box and is therefore, not allowed. The first possible position for injecting the cooling 

spray is at the beginning of the pipe after the suction box. As there is a high amount of 

cooling spray water necessary to cool the vacuum flow, the process needs to be completed at 

the water separator due to the requirement that there exists only a minimum of water droplets 

in the flow to the vacuum pumps/blowers, resulting that the time available for condensation is 

limited. It is defined by the velocity of the flow and the length of the pipe between the 

vacuum box and the water separator. 

3.2 Thermodynamic model 

Before getting into details about how to cool a moist air flow in the vacuum pipes, the 

thermodynamic and economic saving potential of a cooling system is provided in the 

following chapter. For this purpose the mathematic model is presented. All of the following 

formulas and the thermodynamic procedure are taken from [1] and [9]. Not all steps are 

explained in detail. For this purpose, reference is either made to chapters 2.2 and 2.3 or to 

relevant literature such as [1] and [9]. The thermodynamic model is shown in Figure 3-5. 

 

Figure 3-5: Model and boundaries of the thermodynamic system 

The system is considered to be adiabatic to the environment, only the heat transfer from the 

vacuum flow to the sprayed droplets is present. Furthermore, the system is open, 

heterogeneous and can assumed to be in a steady state. 

The flow that should be cooled is moist air, a mixture of dry air and vapour, with a relative 

humidity φ of almost, or even, 1. Hereinafter the “dry air” is declared as “air”. As described in 

the theory part, the moist air can be considered as a mixture of two separate ideal gases. Once 

only the process of the vapour (gaseous water) is considered, the thermodynamic change of 

state can be divided in two separate steps as shown in Figure 3-6. 
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Figure 3-6: Ts diagram for water 

 0 → 1: Cooling along an isobar flow until φ=1 (saturated vapour) 

 1 → 2: Condensation on the surface of the sprayed droplets along the vapour 

saturation line 

The reduction of volumetric flow can be divided in two shares as well. The first share is the 

decrease of the specific volume, due to the lower temperature that only represents a small 

share of the volumetric reduction. It takes place along the whole process from 0 to 2. The 

main share is the condensation of the vapour in the moist air, which only occurs in the second 

step from 1 to 2. 

The initial conditions at the state 0, the temperature T0, the relative humidity φ0, the overall 

pressure p0 and the volumetric flow �̇�0 can be assumed as given. Additionally, the ideal gas 

constants for air Ra and for vapour Rv are available from [9]. 

The overall pressure 𝑝0 = 𝑝1 = 𝑝2 = 𝑝 is assumed to be constant along the whole process. 

3.2.1 Process from 0 → 1: Cooling the flow until φ=1 

This step occurs only if φ<1. The moist air flow is cooled down on an isobar without 

condensation as long as φ=1. That means that no mass transfer takes place in the process from 

0 → 1. With the given initial conditions, this process is mathematically and 

thermodynamically described as follows: 

The partial pressure at saturation 𝑝𝑣0
′  can be reviewed in [9]. 

𝑝𝑣0 = 𝑝𝑣0
′ ∗ 𝜑0 (3-1) 

𝑝𝑎0 = 𝑝 − 𝑝𝑣0 (3-2) 

�̇�𝑎0 =
𝑝𝑎0 ∗ �̇�0

𝑅𝑎 ∗ 𝑇0
 (3-3) 

�̇�𝑣0 =
𝑝𝑣0 ∗ �̇�0

𝑅𝑣 ∗ 𝑇0
 (3-4) 

�̇�0 = �̇�𝑎0 + �̇�𝑣0 (3-5) 
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With the masses the degree of humidity can be defined. 

𝑥0 =
𝑚𝑣0

𝑚𝑎0
 (3-6) 

If no condensation takes place, the partial pressure pv of the vapour and the mass of the steam 

in the flow are constant. The mass flow of air �̇�𝑎0 is regardless constant along the whole 

process. As a result of that the degree of humidity stays constant as well, as long as no 

condensation takes places. 

𝑝𝑣0 = 𝑝𝑣1 = 𝑝𝑣1
′  (3-7) 

𝑝𝑎1 = 𝑝 − 𝑝𝑣1 (3-8) 

�̇�𝑣0 = �̇�𝑣1 (3-9) 

�̇�𝑎0 = �̇�𝑎1 = �̇�𝑎2 = �̇�𝑎 (3-10) 

�̇�1 = �̇�𝑎1 + �̇�𝑣1 (3-11) 

𝑥0 = 𝑥1 (3-12) 

With the partial pressure of saturation 𝑝𝑣1
′  from equation (3-7) the temperature T1 can be 

reviewed in [9] and the thermodynamic state at 1 can be defined. 

�̇�1 =
𝑅𝑎 ∗ �̇�𝑎 ∗ 𝑇1

𝑝𝑎1
=

𝑅𝑣 ∗ �̇�𝑣1 ∗ 𝑇1

𝑝𝑣1
 (3-13) 

Heat transfer from 0 → 1 

As long as no condensation takes place, only sensible heat is transferred from the moist air to 

the injected droplets. The thermodynamic substance values cw, cpv and cpa are assumed to be 

constant, due to the low temperature differences along the whole process, and can also be 

reviewed in [9]. 

By simplification of the first law of thermodynamics from equation (2-4) the transferred heat 

can be written as: 

𝛿𝑄𝑎 = 𝑑𝐻 → �̇�0→1 = �̇�1 − �̇�2 (3-14) 

Integration and rearrangement of equation (3-14) result in a new form that is based on 1 kg of 

air mass flow �̇�𝑎 in the system. The reference per kg of �̇�𝑎 is useful as the mass of air is 

constant along the process. To redefine equation (3-14) the specific enthalpy based on 1 kg of 

air flow must be introduced whereby the derivation is omitted. 

ℎ𝑖(1+𝑥) = 𝑐𝑝𝑎 ∗ 𝑇𝑖 + 𝑥𝑖 ∗ (∆ℎ𝑐 + 𝑐𝑝𝑣 ∗ 𝑇𝑖) (3-15) 

In this case no condensation enthalpy occurs. Using equation (3-15) the transferred heat can 

be written as follows. 

�̇�0→1 = (ℎ1(1+𝑥) − ℎ0(1+𝑥)) ∗ 𝑚𝑎̇  (3-16) 

Seen from the moist air, the heat �̇�0→1 is negative as it is transferred away from the moist air. 

This means that the heat is submitted from the air flow to the sprayed droplets. In this stage 

only sensible heat is transferred, but no mass transfer takes places. 
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3.2.2 Process from 1 → 2: Condensation at the surface of the droplets 

The next step of cooling and reduction of volumetric air flow continues with relative humidity 

of φ=1, that leads to condensation of vapour. For this project, it is assumed that there exists no 

further vapour apart from the vapour in the moist air. The condensation of the vapour in the 

moist air takes place along the vapour saturation line shown in the Ts diagram in Figure 2-1 

and therefore, 𝜑2 is defined as follows: 

𝜑1 = 𝜑2 = 1 (3-17) 

After the condensation process a certain temperature T2 will occur, which needs to be 

assumed for this step. With this temperature and the partial pressure of saturation 𝑝𝑣2
′  given in 

[9], together with equation (3-17), the partial pressure is defined as follows: 

𝑝𝑣2 = 𝑝𝑣2
′ ∗ 𝜑2 → 𝑝𝑣2 = 𝑝𝑣2

′  (3-18) 

With the constant overall pressure p the partial pressure of the air 𝑝𝑎2 increases: 

𝑝𝑎2 = 𝑝 − 𝑝𝑣2 (3-19) 

Applying equation (3-19) the volumetric flow �̇�2 and the condensed mass flow ∆�̇�𝐻2𝑂 is 

defined. 

�̇�2 =
𝑅𝑎 ∗ �̇�𝑎 ∗ 𝑇2

𝑝𝑎2
 (3-20) 

𝑚𝑣2̇ =
𝑉2̇ ∗ 𝑝𝑣2

𝑅𝑣 ∗ 𝑇2
 (3-21) 

�̇�2 = �̇�𝑣2 + �̇�𝑎2 (3-22) 

𝑥2 =
�̇�𝑣2

�̇�𝑎2
 (3-23) 

∆�̇�𝑤 = (𝑥1 − 𝑥2) ∗ �̇�𝑎 (3-24) 

The volumetric flow reduction due to the injection of the droplets can therefore, be defined as 

follows: 

∆�̇� = �̇�0 − �̇�2 (3-25) 

 

Heat transfer from 1 → 2 

Additional to the sensible heat, the latent heat that results from the condensation is transferred 

from the moist air to the droplets. In addition to the above described substance properties, the 

enthalpy of condensation hc is calculated assuming that the enthalpy of the vapour depends 

only on the temperature. 

From the 1
st
 law of thermodynamics the heat transfer can be calculated applying equation 

(3-16). For the calculation of the enthalpies ℎ𝑖(1+𝑥) it is referred to equation (3-15). 

�̇�1→2 = (ℎ2(1+𝑥) − ℎ1(1+𝑥)) ∗ 𝑚𝑎̇  (3-26) 

In the step 1 → 2 the main share of the transferred heat can be repatriated on the sensible heat 

transfer. 
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The overall heat transfer for the entire process is the sum of both heat transfers. 

�̇�0→2 = �̇�0→1 + �̇�1→2 (3-27) 

 

3.2.3 Required amount of spray water 

Until now only the process of the air flow was considered. The condensation heat for cooling 

the air flow is transferred to the sprayed droplets. 

�̇�𝑤 = −�̇�0→2  (3-28) 

The process of heat transfer is comparable with a heat exchanger where both, the cooled and 

the cooling medium, have the same flow direction. The principle of an equal direction heat 

exchanger is shown in Figure 3-7 below: 

 

Figure 3-7: Equal direction heat exchanger [4] 

Theoretically, the process takes place as long as no difference in temperature exists between 

cooled and cooling flow. Once both media have got the same temperature the process is 

finished, but thermodynamically this takes infinite time. Therefore, a difference in 

temperature will result at the end of the process as shown in Figure 3-8: 

 

Figure 3-8: Temperature development of an equal direction heat exchanger [10] 

The smaller the temperature difference between the cooled and the cooling flow (here: moist 

air flow and sprayed droplets) gets, the slower the heat transfer takes place. 

The temperature of the droplets at the beginning of the process Twin is given by the 

temperature of the available cooling water. The temperature of the droplets at the end of the 

process Twout results from the process, depending on the process parameters such as available 
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time, air flow temperatures, vacuum heights and more. Additionally, the heat conductance at 

the surface of the droplets is an important factor. As long as no calculation or measurements 

of the heat transfer are available the temperature at the end of the process Twout needs to be 

estimated. 

The amount of water necessary for the process can therefore, be defined as follows: 

�̇�𝑤 =
�̇�𝑤

𝑐𝑤 ∗ (𝑇𝑤𝑜𝑢𝑡 − 𝑇𝑤𝑖𝑛)
 (3-29) 

3.3 Thermodynamic saving potential 

Based on the above described derivation of the cooling process the thermodynamic saving 

potential can be calculated for each point of a standard dewatering machine, which is shown 

in Figure 3-9.  

As there are no actual measurements of the initial conditions available, the temperature and 

relative humidity for each vacuum applied position are estimated, based on measurements 

carried out approximately 10 years ago. The vacuum levels are based on measurements on 

machines carried out within the last few years. 

The achieved temperatures at the end of the process are assumed exemplary, and a 

temperature difference between Twout and T2 of 2°C is assumed. Furthermore, the cooling 

water inlet temperature is assumed with 15°C, they depend on the location of the mill. 

Of course, the estimated end temperatures T2 and Twout might be optimistic but at the very 

least, they show that there is a significant saving potential of up to 40%, depending on the 

vacuum applied position, for such a cooling technology. Even lower cooling effects and 

volumetric flow reductions may lead to lower investment costs but most certainly will result 

in decreasing operating costs, and therefore, can be profitable. 
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Figure 3-9: Thermodynamic saving potential at vacuum system for a standard TWF 
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3.4 Conclusion of thermodynamic saving potential 

After introducing the schematic of a vacuum system of a dewatering machine the 

thermodynamic model is presented and described mathematically. In this description, the 

process of volumetric flow reduction is divided in two steps. The first step only consists of 

sensible heat transfer but no mass transfer. In the second step, beside the sensible heat, also 

the latent heat transfer and the mass transfer occur due to condensation of the vapour in the 

moist air. 

Based on the thermodynamic model presented, the possible volumetric flow reduction for 

each vacuum applied point for a dewatering machine is shown. Assuming the end temperature 

of the moist air flow after the cooling process for each vacuum applied position for a 

dewatering machine, a volumetric flow reduction of up to 40% can be reached. It is shown 

that the thermodynamic saving potential is significant. 
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4 CFD calculation 

So far no considerations about how the cooling and condensation process takes place were 

provided, only the theoretical background and the theoretical saving potential were shown, 

based on the estimated temperatures. As there are many parameters that affect the volumetric 

flow reduction it was decided to build a CFD model to simulate the cooling and condensation 

process for the moist air flow system. For the CFD calculation the software ANSYS FLUENT 

15.0 was used. As a User Defined Function (UDF) was necessary, the used operating system 

was Linux, as the compilation of UDFs works more stable than on other operating systems. 

The advantage of a CFD simulation is that once a model is built up and verified, many 

simulations and therefore, the influence of many parameters, can be investigated on their 

effect in a short time. Compared to a large experimental investigation, a CFD calculation is 

not only less time consuming, but also much cheaper. The following parameters should be 

investigated with the CFD model: 

1. Flow parameters 

 Vacuum level 

 Volumetric flow & flow velocity 

 Temperature of the moist air 

 Humidity of the moist air 

2. Geometry parameters 

 Length of the pipe 

 Shape of the pipe 

3. Spray parameters 

 Spray directions 

 Size of the droplets 

 Pressure, volume flow and velocity of the sprayed droplets 

 Temperature of the cooling water 

4.1 Setup of the condensation model 

The setup of the condensation model is carried out referring to [14]. They presented a CFD 

calculation that is comparable to the case in this master thesis. In [14] the condensation of 

moist air in the presence of sprayed droplets was analysed with the software ANSYS 

FLUENT. Droplets were sprayed into the channel against the direction of the moist air flow 

and condensation was enforced. The schematic of the model is shown below in Figure 4-1: 

 

Figure 4-1: Schematic for the spray dryer [14] 
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They did a variation of droplet diameter, adjusted the amount of sprayed water and compared 

the effect on the volumetric flow. The main difference between their model and the task given 

in this master thesis, was the size of the system. While [14] were working with spray rates 

between 0,003 kg/s and 0,006 g/s in this master thesis the required spray rates are in a range 

between 0,4 kg/s, and up to, 7 kg/s. 

For solving this complex issue in this master thesis the energy equation was enabled in 

ANSYS FLUENT. The k-ε turbulence model was applied, as this is used for fully developed 

flows with high Reynolds numbers. The k-ε model was used in [14] as well. In order to 

implement the water droplets the discrete phase model was used. 

4.1.1 Lagrange vs Euler approach 

For solving this kind of problem, it is necessary to distinguish between the Lagrangian and the 

Eulerian approach. The following section is taken from [4]. 

The Lagrangian approach works with mass fixed coordinates and the particles or elements are 

tracked on their way through the control volume (CV). Individually tracking each particle 

through the CV costs a lot of computational power. 

𝑿 = (

𝑋
𝑌
𝑍
) (4-1) 

On the other hand the Eulerian approach works with space fixed coordinates. Only the influx 

and outflux are detected but not their way through the CV. 

𝒙 = (

𝑥
𝑦
𝑧
) (4-2) 

 

 

Figure 4-2: Lagrangian vs. Eulerian approach 

The Eulerian approach can be construed as an actual position of the Lagrangian coordinates. 
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Since the volume of water droplets sprayed into the vacuum flow is quite low compared to the 

moist air flow, it is expedient to use a Lagrangian instead of an Eulerian model for tracking 

the droplets on their way through the CV. 

To solve the Lagrangian movement of droplets ANSYS Fluent has imbedded the Discrete 

Phase Model. The continuous phase is still treated with the Eulerian model. Therefore, 

working with DPM is named the Eulerian- Lagrangian approach. 

4.1.2 Discrete phase model DPM 

All the following passages and assumptions are based on [14] and [15], for further 

information please be referred to literature. The DPM model distinguishes between the 

continuous phase (Eulerian approach) and the discrete phase (Lagrangian approach).  

In this case, the continuous phase is already a mixture of two materials, the dry air and the 

vapour, which together add up in moist air. The discrete phase consists of spherical injected 

water droplets. ANSYS FLUENT calculates the trajectories of these discrete phase entities. 

Furthermore, heat (in general energy) and mass transfer between the discrete and the 

continuous phase are simulated. ANSYS FLUENT provides several features for the discrete 

phase models, such as [14]: 

 calculation of the discrete phase trajectory using a Lagrangian formulation that 

includes the discrete phase inertia, hydrodynamic drag and gravity 

 heating and cooling of the discrete phase 

 vaporization and boiling of the liquid droplets 

 consideration of particle collision 

 … 

One model that would have been necessary in this thesis is not implemented into ANSYS 

FLUENT, this is the condensation model. To simulate and compute condensation between the 

continuous and discrete phase, heat and mass transfer between both phases, it was necessary 

to implement a user defined function (UDF) into ANSYS FLUENT. The UDF is described in 

chapter 4.1.3. 

For the DPM model the initial position, velocity, size and temperature of the individual 

particles within the domain must be defined. Using these initial conditions, together with the 

physical properties, e.g. material and phase, of the discrete phase the trajectory, the heat and 

mass transfer between the continuous and the discrete phase are calculated. The interaction 

between the continuous and the discrete phase must be permitted separately to allow mass and 

heat transfer between both phases. By entering the number of continuous phase iterations per 

DPM iteration the frequency of the update of the DPM source can be adjusted. Generally 

increasing this number leads to increased stability but requires much more time for 

converging. [14] 

4.1.3 User Defined Function UDF 

Using a UDF allows customizing all available functions in ANSYS FLUENT to enhance its 

capacity. UDF’s are written in the language “C” and are compiled to ANSYS FLUENT. [16] 

ANSYS FLUENT provides a wide range of predefined UDF’s. Many approved UDF’s are 

shown in [16]. If no suitable UDF is available in [16], they can be written by oneself and can 

be compiled to ANSYS FLUENT. One of these predefined functions, which is a combination 

of several separate UDF’s, is dealing with the simulation of condensation together with the 

usage of the DPM model. This UDF fitted well for the task from this master thesis. Just small 

adjustments were necessary to get the UDF run for this application. In the next paragraphs the 
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most important functions and tasks of this UDF are described. 

Although ANSYS FLUENT calculates the relative humidity automatically, the relative 

humidity is additionally calculated locally within the UDF for every cell in the domain. To 

calculate the relative humidity the saturation pressure is calculated locally for each cell as 

well. If the relative humidity exceeds 100% for a local cell, a mass transfer (condensation) 

from continuous to discrete phase takes place with the speed defined by the condensation rate. 

The condensation rate c is a value that has to be aligned by empirical attempts to reflect the 

reality and can be understood as dimensionless velocity of mass transfer. With the 

condensation rate the mass transfer shown in equations (4-3) and (4-4), and the heat transfer 

shown in equation (4-5) from the continuous to the discrete phase, is. 

𝑚𝑃_𝑐𝑜𝑛𝑑 = 𝑐 ∗ √𝐴 ∗ (𝑅𝐻 − 1) ∗ 𝑃_𝐷𝑇(𝑝) (4-3) 

𝑚𝑝 = 𝑚𝑝0 + 𝑚𝑃_𝑐𝑜𝑛𝑑 (4-4) 

𝐻𝑙𝑎𝑡𝑒𝑛𝑡 = 𝑚𝑃_𝑐𝑜𝑛𝑑 ∗ ℎ𝑐𝑜𝑛𝑑 (4-5) 

𝑃_𝐷𝑇(𝑝) from equation (4-3) is a time step defined by ANSYS FLUENT. For more 

information about 𝑃_𝐷𝑇(𝑝) please refer to [16]. 

With the new droplet mass after condensation 𝑚𝑝 calculated in (4-4) the new droplet diameter 

can be calculated as shown in (4-6): 

𝑑𝑃 = √
6 ∗ 𝑚𝑝

𝜌𝑝 ∗ 𝜋

3

 (4-6) 

As the used UDF consists of several separate functions they also intervene in several areas of 

ANSYS FLUENT. These areas and functions are shortly described in the following section: 

 The DPM_SWITCH is implemented in the DPM model as a custom law. Using this 

function, ANSYS FLUENT switches from the implemented sensible heat transfer to 

the latent heat transfer defined in the UDF, once the local relative humidity in a cell 

exceeds 100%. Transferring latent heat also means that mass transfer takes place. 

 If the relative humidity for a local cell exceeds 100% the DPM_LAW is applied for 

this cell. This law is also implemented in the DPM model in the custom laws. In this 

law, the mass of condensation is defined according to equation (4-3) and the new 

diameter is defined in applying equation (4-6). Additionally, it is assumed that after 

the condensation process a thermal equilibrium between the particle and the 

continuous phase exists. 

 With the DPM_SOURCE function the sources are added from the continuous to the 

discrete phase. These sources are the condensed mass transferred from the continuous 

phase to the DPM droplet according to equation (4-4), and the energy source added to 

the droplet (the latent heat) due to the condensation according to equation (4-5). Of 

course this procedure refers to the law defined in the UDF. 

As these operations are carried out individually for each cell in the domain, usually both laws, 

the law implemented in ANSYS FLUENT and the user defined law, are applied at the same 

time in the domain. 
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4.1.4 Boundary conditions 

Considering the above described requirements, a model was built for starting and carrying out 

initial trials. For test purposes the first model used was a 2D model which is shown in Figure 

4-4. The advantage of a 2D CFD compared to a 3D CFD calculation is that convergence is 

reached faster as the internal memory usage is less and the stability of the calculation is 

usually higher. After the initial (successful) tests, it was expected to change from 2D to 3D 

CFD model. 

The boundary conditions of the continuous phase are shown in Figure 4-3: 

 

Figure 4-3: Boundary conditions of the 2D model 

 BC at inlet: temperature and velocity 

o The gas at the inlet consists of dry air and vapour that end up in moist air. To 

define the relative humidity in ANSYS FLUENT the mass ratio between the 

dry air and the vapour has to be entered. The ratio is a function of the vacuum 

level and the temperature. 

 BC at outlet: pressureless outlet 

 BC at wall: no slip wall, adiabatic 

4.1.5 Limitations of the DPM Model 

In [15] the limitations of the particle volume fraction are described. Accordingly, it is 

necessary that the discrete phase is sufficiently diluted to ensure that the particle- to- particle 

interactions, and the effects of the particle volume on the gas phase, are negligible. This 

means that the discrete phase must be present in a fairly low volume fraction, generally not 

higher than 10-12%. The mass fraction may greatly exceed this limit [15]. There are also 

several other limitations, but as they are not directly related to this master thesis topic, please 

refer to [15] for further literature. 

The limitation of the volume fraction has a great effect on this master thesis. This is described 

based on a 2D model in the following description. Similar considerations are valid for the 3D 

model as well. For the 2D calculation, ANSYS FLUENT uses the same approach as for the 

3D simulation. The missing third dimension is generated by multiplying the 2D profile with a 

certain unit depth. In this example the unit depth of the third dimension is assumed to be 

10mm, same as the sight length of the used cells in the model. 

The origin of the spray in the discrete phase model, the so called “injection”, is defined by its’ 

x- and y- coordinates for a 2D model. At the cell of the injection the highest volume loads of 

the discrete phase occur and therefore, this and its’ neighbour cells are the most critical ones 

for exceeding the limit of volume fraction share. This problem is explained for a spray- origin 

cell with the properties shown in Table 4-1 and Figure 4-4. Since the actual considered model 

is two dimensional, all cells have the same size and are quadratic shaped. 
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Figure 4-4: Origin cell of the DPM spray 

 

 

Table 4-1: Properties of the discrete phase and the used model 

𝑓𝑉 =
�̇�𝑠𝑝𝑟𝑎𝑦

𝜌 ∗ 𝑣𝑠𝑝𝑟𝑎𝑦 ∗ 𝑎2
 (4-7) 

All values presented for the DPM injection in Table 4-1 are realistic values that may be used 

for industrial sized machines. The dimensions of the vacuum pipe are typical for many 

machines. The velocity of the spray volume flow 𝑣𝑠𝑝𝑟𝑎𝑦 is defined by the company ”Lechler” 

for nozzles with a spray of 9 l/min (0,15 kg/s). The acceleration of the droplets due to the 

higher velocity of the moist air flow is neglected, as the influence is small considering only 

one cell. On the other hand, the spray angle is not considered which would increase the 

volume fraction even more as it extends the dwell time of a spray droplet in a cell. The effect 

for the spray angle outweighs the effect of the acceleration and therefore, the volume fraction 

of a cell fV would even increase due to these two effects. For this calculation, the spray is 

considered to be at the beginning of the cell, seen in flow direction. This represents the worst-

case scenario, as the dwell time gets maximized as a result. 

It is apparent that even with a small number of cells, and therefore large cells, in the domain a 

high volume fraction in the cell can be expected. It is clear that the volume fraction in the 

origin cell of the DPM spray exceeds the limits. That means that it is necessary to decrease 

the number of cells in the domain even more to pass the <10-12% volume fraction limit. A 

Number of cells in the simulation n 6000 -

Length of the model l 300 mm

Width of the model w 2000 mm

Side length of a cell a 10 mm

Spray velocity at outlet v spray 6 m/s

Mass flow of the spray m spray 0,15 kg/s

Density of the sprayed water ρ 998,2 kg/m3

Volume fraction in cell f V 25,05 %

DPM spray properties

Properties of 2D model
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further decrease of cells means that mesh independency is probably not achieved. Once the 

limit of volume fraction exceeds even just one cell, ANSYS FLUENT diverges after a few 

iterations. 

The same problem will occur changing from 2D to 3D simulations. Even an increase of 

volume fraction is likely to occur. In the 2D model shown in Figure 4-4, the size of the cells is 

equally distributed. In a 3D domain for a round pipe it is truly impossible to build a mesh with 

equally sized cells and therefore, smaller and bigger cells exist. Especially at the wall of the 

pipe a boundary layer with smaller cells is advised to achieve a high resolution of the results. 

Therefore, small cells exist and the risk of exceeding the maximum volume fraction gets even 

greater. 
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4.2 Execution and results of the research on the 2D model 

From the introduction above it becomes clear, that it is necessary to make some adjustments 

to get the simulation running in a satisfying way. These adjustments and manipulations are 

described in the next chapter. 

4.2.1 Share injections on more cells 

To get rid of this problem an attempt to share the injection of the DPM spray on two or more 

cells by defining more injection positons simulating only one single nozzle was tried. This 

procedure was limited as several nozzles must be used to reach the high amount of cooling 

water necessary and therefore, a single nozzle cannot be divided on too many cells. This 

becomes clear in Figure 4-4, as there are only 30 cells in cross direction, which limits the 

splitting of single nozzles on more cells. 

Another issue arises as the injections are sprayed into the domain with a cone angel of 

approximately 60°-90°. Some of these trajectories may overlap and the limit of volume 

fraction might be exceeded to a high extent as well. 

4.2.2 Adjusting the substance properties and condensation rate 

Another possible solution to prevent exceeding the maximum volume fraction is to adjust the 

substance properties of the DPM spray or the continuous phase. Adjusting the substance 

properties, such as increasing specific heat capacity of the DPM spray or decreasing 

condensation enthalpy of the continuous phase, allows reducing the amount of spray water 

injected while keeping the transferred heat constant. Increasing the specific heat capacity of 

the injected spray by the factor z allows decreasing the mass rate of injected water by the 

same factor z, while the possible maximum heat transfer remains unchanged. The mass 

reduction was realised by keeping the number of droplets injected per time constant but 

decreasing the diameter. The reason for this was that the surface to volume ratio did not 

change as much as when the diameter of the droplets would have been left constant but the 

number of droplets would have been reduced instead. 

From formula (4-7) it is obvious that the volume fraction in a local cell decreases due to the 

reduced mass injected. The goal of the manipulation of the specific heat capacity was to 

reduce the amount of water injected while the results concerning condensation rate, 

temperature reduction and volumetric reduction, remained unchanged. 

Despite the adjustment of these factors that have been carried out, it was not possible to reach 

the same results after adjusting the substance properties. An example explaining the results of 

the adjustment of the substance properties is shown in this section. The results were evaluated 

for temperature and mass share of gaseous vapour in the moist air with a distance of 1,0m 

downstream to the inlet and, normal to the flow direction, as shown in Figure 4-5. This 

procedure was repeated with stepwise increased specific heat capacities, and therefore, 

decreased amount of water. Additionally, the condensation rate was increased by the factor of 

the reduced surface of droplets. All other settings and properties of the model were kept 

constant. As a basis, a rather low mass flow was chosen to pass the <10-12% volume fraction 

limit, also with non- changed substance properties. The settings are shown in Table 4-2. 

 

Table 4-2: Settings and properties of the simulation 

basis 1 (cH2O*5) 2 (cH2O*5) 3 (cH2O*10) 4 (cH2O*10) 5 (cH2O*15) 7 (cH2O*20) 8 (cH2O*20)

Mass flow of the spray mspray kg/s 0,1000 0,0200 0,0040 0,0100 0,0020 0,0067 0,0050 0,0010

Specific heat capacity of spray water cH2O J/(kg*K) 4182 20910 104550 41820 209100 62730 83640 418200

Number of droplets ndroplet 1/s 23916 23916 23916 23916 23916 23916 23916 23916

Diameter of droplets ddroplet mm 1 0,585 0,585 0,464 0,464 0,405 0,368 0,368

No of cells in the model ncells - 24.000 24.000 24.000 24.000 24.000 24.000 24.000 24.000

Condensation factor c - 0,0008 0,0008 0,002339 0,0008 0,003713 0,0008 0,0008 0,005894
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The DPM properties are listed below and the location of the spray is shown in Figure 4-5. 

 Pure liquid water H2O droplets 

 Temperature of the spray: 70°C 

 Velocity of the spray: 6m/s 

 Location of the spray: 100mm downstream from the inlet in the centre of the canal 

 Shape of the spray: 100mm virtual line* 

* To allow a higher mass injected into the system it was decided to inject the spray along a 

virtual 100mm long line in the centre of the duct, instead of injecting the whole water from 

one position. This allows higher mass loads and therefore, the cooling and condensation 

effects are improved. The flow was sprayed straight in the direction of the inlet flow. 

The moist air at the inlet was set with the following flow properties: 

 Mixture of air and vapour 

 Relative humidity: 100% → mass share of vapour: 40%; mass share of dry air: 60% 

 Temperature: 343K 

 Inlet velocity: 14 m/s 

 Absolute pressure in the system: 0,6 bar → vacuum level Δp 0,4bar 

 

Figure 4-5: Position and 2D- geometry of the spray 

The evaluation of the results are shown in the charts below. They are applied on the mass 

share of vapour in the air in a cross profile of the continuous phase shown in Figure 4-6 and 

the cross profile of the temperature of the moist air shown in Figure 4-7. The position for 

evaluation of the cross profile is shown in Figure 4-5. As a basis, the original values (not 

adjusted substance properties, black solid trend) are shown in the charts. Solid trends 

represent results after adjusting the substance properties only. The dashed trends represent 

results of adjusted substance properties and increased condensation rate. Additionally, each 

one of the CFD graphics show the mass fraction of vapour in the moist air and the 

temperature of the moist air for the “basis settings” is presented below the charts. 
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Figure 4-6: Mass fraction profile of vapour in the moist air 

It is clear from Figure 4-6 that the adjustment of the specific heat only (solid trends) did not 

represent the same result as the basis. There were significant differences in the results after 

adjusting the substance properties. Evidently an increase of the specific heat capacity of the 

liquid water cw decreases the amount of condensed vapour. This means that condensation 

proceeded slower with increased cw and decreased mass transfer to the DPM. 

Based on this result the condensation rate c was increased by the factor of the surface 

reduction in order to compensate lower mass transfer (dashed trends). Understandably mass 

transfer increased slightly by increasing the condensation rate. Based on this finding the 

condensation rate was further increased stepwise. This worked adequately, but only if the 
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condensation rate did not exceed a certain value. Exceeding this value resulted in convergence 

problems as the transfer rate seemed to get too high and ANSYS FLUENT was not able to 

handle higher mass and heat transfer between the continuous and discrete phase anymore. 

 

 

 

Figure 4-7: Temperature profile of the moist air 

Compared to the mass share profile the temperature profile does not show a coherence 

between increased specific heat capacity and change in temperature. Multiplying the heat 

capacity by five led to decreased temperature. Increasing the heat capacity further led to a 

minor temperature alteration. Adjusting the condensation rate led to small temperature 
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changes. There are no obvious direct coherences between the temperature profile and 

adjusting the heat capacity or condensation rate. 

It can be concluded that adjusting the substance properties and the condensation rate did not 

lead to the desired results. Therefore, linear factors were introduced into the UDF to adjust the 

energy and mass transfer from the continuous phase to the DPM spray. This procedure is 

described in the next chapters. 

4.2.3 Implementation of linear factors 

For both the energy and the mass transfer, a linear factor was introduced to adjust the transfers 

from the continuous phase to the discrete phase. They were empirically adjusted to match the 

profiles after manipulating the substance properties back to the basis profile. Condensation 

rates were kept constant at this time. As transferred mass and energy depend on each other, 

both factors of course influenced each other as well. Therefore, it was necessary to adjust the 

empirical factors iterative several times. With these two factors it was possible to adjust both, 

the profile of vapour share in the continuous phase and the temperature profile of the 

continuous phase in a way that the profiles of the initial, original substance properties were 

reached again (basis). This is shown in Figure 4-8 and Figure 4-9. The position of the profile 

in flow direction was the same as shown before. The linear factors for adjusting the mass and 

energy equation are shown in Figure 4-3. All other factors were kept constant. 

 

Table 4-3: Factors to adjust the mass and energy equation 

basis 3 (cH2O*10) 3.1 (cH2O*10) 3.2 (cH2O*10)

Mass flow of the spray mspray kg/s 0,1000 0,0100 0,0100 0,0100

Specific heat capacity of spray water cH2O J/(kg*K) 4182 41820 41820 41820

Number of droplets ndroplet 1/s 23916 23916 23916 23916

Diamter of droplets ddroplet mm 1 0,464 0,464 0,464

No of cells in the model ncells - 24.000 24.000 24.000 24.000

Condensation factor c - 0,0008 0,0008 0,0008 0,0008

Factor adjusting the mass eqn m - - - 1,35 1,80

Factor adjusting the energy eqn e - - - 1,33 1,80
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Figure 4-8: Mass fraction of vapour in the moist air after manipulating the mass & energy 

equation 

 

Figure 4-9: Temperature of the moist air after manipulating the mass & energy equation 
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Unfortunately, this only worked satisfactory for a specific position in the domain and 

unchanged boundary conditions. Changing the position of the measurement downstream or 

upstream or varying any boundary conditions led to the result that the profiles did not fit 

anymore to the “basis” anymore. 

From the results shown it can be assumed that the described procedure does not yield 

satisfactory results, although different manipulations were tried. 

 

Another issue shown in Figure 4-10 is that ANSYS FLUENT did not correctly show the 

physical relative humidity. 

 

Figure 4-10: Relative humidity, basis (non- manipulated) 

It is obvious that the relative humidity by far exceeds 100%, especially directly at the position 

of the injection and further downstream. This shows that the model with the actual settings 

does not reproduce correct physical results. It took further downstream the domain until the 

physical results were shown correctly again. 

Finally, it was decided that this procedure does not lead to suitable results with an acceptable 

time effort. Therefore, it was decided to conduct an experimental investigation instead of 

continuing to work with CFD. 
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4.3 Possible approaches to continue with CFD 

Before describing the experimental investigation in the next chapter, a few possible 

approaches and solutions for the problem faced are briefly explained. 

4.3.1 Further study of the DPM model  

Not considered so far was the change of the ratio between the initial mass of the sprayed DPM 

droplet, before and after condensation. As shown in this chapter, the mass ratios change due 

to the condensation. This approach, and the solution, are described in the next section by 

showing a comparison of the condensation on an individual droplet between manipulated 

(marked with inverted comma ‘) and non- manipulated substance properties. To give a 

replicable explanation, the condensation process is divided into two steps: 

a) 0 → 1: The latent heat is transferred from the continuous phase to the discrete phase. 

No mass transfer is considered in this step. 

b) 1 → 2: Sensible heat transfer, because of the different temperatures of the condensed 

molecule, and the droplet and mass transfer from continuous to discrete phase, are 

considered. 

0 → 1 latent heat transfer 

This step starts at the beginning of the condensation (state 0) and ends once the condensation 

is finished at state 1. Latent heat is transferred from the condensing particle of the continuous 

phase to the discrete phase droplet. The mass of the condensing molecule is not added to the 

droplet in state 1. 

The boundary conditions for the condensation process are described in the equation below. 

Before the first condensation, temperatures of the condensing molecule from the continuous 

phase and temperatures of the DPM droplet are the same for both, the manipulated and non- 

manipulated substance properties. At this state, mass ratios and specific heat ratios between 

the manipulated and non- manipulated system is inversely proportional to each other. 

𝑚0

𝑚0
′ =

𝑐′
𝑤

𝑐𝑤
= 𝑧 ; 𝑚𝑐 = 𝑚𝑐

′  ;  𝑇𝑐 = 𝑇𝑐
′ ;  𝑇0 = 𝑇0

′ (4-8) 

Enthalpy at state 0 of an individual droplet is defined as follows: 

𝐻0 = 𝑚0 ∗ 𝑐𝑤 ∗ 𝑇0 𝐻0
′ = 𝑚0

′ ∗ 𝑐′
𝑤 ∗ 𝑇0

′ (4-9) 

 

Figure 4-11: Properties of the sprayed droplet and the condensing particle at state 0 
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From equations (4-8) and (4-9) it is clear that 𝐻0
′ = 𝐻0. 

Once the molecule condensates the enthalpy of condensation, HC is transferred from the 

particle to the droplet. As mentioned above, mass transfer is not considered from 1→2. The 

enthalpy, and mass at state 1, can be defined as follows: 

𝐻1 = 𝑚0 ∗ 𝑐 ∗ 𝑇0 + ℎ𝑐 ∗ 𝑚𝑐 𝐻1
′ = 𝑚0

′ ∗ 𝑐′ ∗ 𝑇0
′ + ℎ𝑐 ∗ 𝑚𝑐 (4-10) 

𝑚1 = 𝑚0 𝑚1
′ = 𝑚0

′  (4-11) 

With the mass definition in state 1 from (4-11), enthalpy in state 1 can also be written as 

follows: 

𝐻1 = 𝑚1 ∗ 𝑐 ∗ 𝑇1 = 𝑚0 ∗ 𝑐 ∗ 𝑇1 𝐻1
′ = 𝑚1

′ ∗ 𝑐′ ∗ 𝑇1
′ = 𝑚0

′ ∗ 𝑐′ ∗ 𝑇1
′ (4-12) 

Finally, both the manipulated and the non- manipulated situation end up with the same results, 

𝐻1
′ = 𝐻1 and 𝑇1

′ = 𝑇1 at state 1. 

1 → 2 sensible heat transfer 

In the 2
nd

 step the mass transfer and the sensible heat transfer from the condensed particle to 

the droplet are treated. 

 

Figure 4-12: Properties of the droplet and the condensed particle at state 1, is as follows: 

𝐻2 = 𝑚1 ∗ 𝑐𝑤 ∗ 𝑇1 + 𝑚𝑐 ∗ 𝑇𝑐 ∗ 𝑐𝑤

= 𝑇2 ∗ 𝑚2 ∗ 𝑐𝑤 
𝐻2

′ = 𝑚1
′ ∗ 𝑐′

𝑤 ∗ 𝑇1
′ + 𝑚𝑐 ∗ 𝑇𝑐 ∗ 𝑐′

𝑤

= 𝑇2
′ ∗ 𝑚2

′ ∗ 𝑐′
𝑤 

(4-13) 

With the definition of the masses at state 2, it is as follows: 

𝑚2 = 𝑚1 + 𝑚𝑐 
 

𝑚2
′ = 𝑚1

′ + 𝑚𝑐 (4-14) 

From (4-14) it is clear that mass ratios between the manipulated and non- manipulated system 

change after the mass of the condensed molecule is added to the DPM droplet and therefore, 

the enthalpies change as well: 
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𝑚2

𝑚2
′ <

𝑚1

𝑚1
′ → 𝐻2

′ > 𝐻2 (4-15) 

With the change of mass ratios, and the resulting difference of the enthalpies, it is necessary 

to reduce the enthalpy 𝐻2
′  to 𝐻2𝑎𝑑𝑗

′  as follows: 

∆𝐻2 = 𝐻2
′ − 𝐻2 = 𝑚𝑐 ∗ 𝑇𝑐 ∗ (𝑐𝑤

′ − 𝑐𝑤) (4-16) 

𝐻2𝑎𝑑𝑗
′ = 𝐻2

′−∆𝐻2   (4-17) 

Although enthalpies are adjusted accordingly, the mass ratios between the manipulated and 

non- manipulated system are not the same anymore before and after condensation. This would 

result in differences for the next step of condensation if no further actions would be taken. As 

a direct result of that, it is necessary to accordingly adjust the manipulated specific heat 

capacity for the next step as well. 

𝑐𝑤0_𝑛𝑒𝑤
′ =

𝑚2 ∗ 𝑚0
′

𝑚2
′ ∗ 𝑚0

∗ 𝑐0
′  (4-18) 

That means that c’w is reduced along the condensation process. Figure 4-13 shows the 

properties of the DPM droplet after completing the condensation and before the next step 

starts. 

 

Figure 4-13: Properties of the droplet and the particle at state 2 

This step most likely improves the result but does not explain the big differences that occur 

due to changing the substance properties. 

Of course other research and investigation using the DPM model could be obtained. For 

example, further research about the adjustment of the condensation factor and the 

implemented linear factors after manipulating the specific heat capacity could be carried out. 

Apart from working with the used model, it might be beneficial to use other models and 

settings in ANSYS FLUENT that are briefly described in the next step. For further 

information on the following models please refer to [15] and [18]. 
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4.3.2 Multiphase Model 

With a multiphase model two or more phases or materials can interact in a domain with each 

other. The multiphase model is a pure Eulerian model. The presence of more phases is defined 

by a ratio of their volume fractions. Mass and energy transportation from one to the other 

phase is enabled. A disadvantage compared to the DPM is that the injection of the sprayed 

droplets cannot be defined in a satisfactory way and therefore, continuation with multiphase 

was not carried out. 

4.3.3 Dense Discrete Phase Model (DDPM) 

The DDPM model is based on the multiphase model using the Eulerian approach and is a 

hybrid Euler-Euler and an Euler- Lagrange approach. Compared to the DPM, the DDPM 

allows the volume fraction to far exceed 12% [18]. Compared to the DPM, the DDPM is less 

used and therefore fewer literature can be found. Due to this, it was decided not to continue 

with the DDPM. 

These possibilities would be rather time consuming and would far exceed the scope of the 

thesis. Furthermore, an experiment seems to reflect the reality better than a CFD calculation. 

Therefore, an experiment was decided as the best approach in place of investing more effort 

in a CFD calculation. 

4.4 Conclusion of the CFD calculation 

In this chapter a CFD calculation is introduced in order to simulate condensation of a moist 

air flow and evaluate the volumetric flow reduction process. With the model the influence of 

different parameters on the volumetric flow should be investigated. With the used model it 

was not possible to give answers to these questions as ANSYS FLUENT was not capable to 

simulate the injection of high amounts of cooling droplets. All approaches to solve this issue 

did not lead to satisfactory results. Therefore, it was decided to continue the investigation with 

an experimental setup instead of continuing working with CFD. 

At the end of this chapter, some possible further steps that might solve the issues are 

described. 
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5 Experimental investigation 

Due to the issues that arose while working on the CFD calculation, it was decided to stop with 

it and concentrate on an experimental study instead. The goals of the experiment were defined 

the same as they were for the CFD calculation, to investigate the influence of different 

parameters on the volumetric flow reduction of the moist air.  

The experiments were carried out in the pilot plant at Andritz AG. The costs for the 

experimental setup were then covered by Andritz AG. 

5.1 Preparation of the test stand 

For this master thesis, not only the experiment itself and the evaluation of the results were 

carried out, but also many other tasks had to be organized and executed before experiment 

commencement. Beside the target to get results about the influence of different parameters on 

the condensation of the vapour of the moist air, it was also important to reuse available 

facilities to keep costs and time effort for rebuilding the existing vacuum system as low as 

possible. Furthermore, daily business at the pilot plant must not be disrupted at any time. 

As for the dewatering machine in the pilot plant many vacuum systems were available, it was 

decided to use one of these systems and adapt it for the experiments. The system used was the 

so called “shoe press” module because it was foreseeable that this module would not be 

needed for any other experiments during the experimental investigation. The existing, initial 

vacuum system was sized for small working width, which meant lower volumetric flow. 

Therefore, all the piping, vacuum pumps and all other equipment was much smaller compared 

to industrial sized machines.  

For industrial sized machines vacuum pipe diameters of approximately 300mm and more, 

depending on the working width of the machine and the position of the vacuum box, are 

standard. The velocity of the vacuum flow in the pipes for industrial size machines is 

approximately 10-20 m/s. 

Therefore, the existing vacuum system needed to be adapted to realistically replicate it as 

precise as possible. Unfortunately, the adaption of the vacuum system to industrial sized 

systems was only possible until a certain point as it was limited by the available vacuum 

pumps. Therefore, a compromise had to be taken. As most of the equipment of the vacuum 

system was not allowed to be changed the rebuild mainly depended on the size of the piping. 

Three important parameters describing the volumetric flow reduction that needed to be 

considered defining the diameter are described in the following: 

 Dwell time of the sprayed droplets in the vacuum flow which is a function of the 

velocity of the moist air flow. 

 Vacuum height which is a thermodynamic parameter. The degree of humidity x of the 

vapour in the moist air depends on the vacuum height. With increased degree of 

humidity x the volumetric flow reduction due to condensation increases as well. 

 Using a too narrow pipe diameter causes the injected droplets to splash against the 

wall of the pipe instead of being redirected, as shown in  

 Figure 5-1. The injected droplets would flow down on the wall of the pipe and the 

condensation rate will decrease, as the available surface for the condensation 

decreases dramatically. 

 



Research on volumetric reduction of a highly saturated vacuum flow 45 

 

  

Figure 5-1: Problem with too narrow pipe diameters 

 

These three parameters were working against each other. A bigger diameter leads to lower 

flow velocity and less volumetric flow (=higher dwell time of sprayed droplets) and vacuum 

height in the pipe. On the other hand, a smaller diameter leads to a splash of the injected 

droplets against the wall directly after injecting into the system. 

Finally, as a compromise the diameter for the section of the measurement was defined with 

200mm. Another reason for setting the diameter at this size was that raw pipe material was 

available in sufficient amount in this size and therefore, extra costs were kept low. 

After defining the diameter of the section of measurements the test stand was constructed (see 

chapter 5.2) and all necessary equipment was purchased. Afterwards assembly was organized 

and carried out. 
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5.2 Experimental setup & measuring devices 

The schematic of the experimental setup and a photo are shown in Figure 5-2 and Figure 5-3. 

It consisted of several elements and measuring instruments that are described in the following 

chapter. 

 

Figure 5-2: Schematic of the experimental setup 
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Figure 5-3: Photo of the experimental setup 
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5.2.1 Spray water pipe and suction box (UHLE box) 

To generate high temperatures and a high relative humidity, target was a relative humidity of 

100%, in the system to carry out the experiment, hot water was applied on the running felt in 

front of the vacuum box with a spray pipe. The temperatures of the water applied were 

between 60 and 80°C. Directly after the spray the vacuum box – in this case the so called 

UHLE box of the top felt of the shoe press – sucked the water out of the felt and together with 

the process water the moist air flow was sucked through the felt into the vacuum piping 

system. Depending on the temperature of the water applied a certain temperature of the air 

flow was set. 

5.2.2 Measurement unit inlet, Debimo sensor 

The pipe out of the suction box had a diameter of 80mm. Afterwards the diameter was 

increased to 100mm. In this section temperature, volumetric air flow, absolute pressure, 

vacuum level and velocity were measured with a differential pressure sensor of Debimo, 

which is shown in Figure 5-4 below: 

 

Figure 5-4: Debimo air flow measurement [11] 

The principle of the Debimo measuring device is comparable with the Prandtl tube that 

measures the absolute and the static pressure. The flow velocity, which is a function of the 

dynamic pressure, was calculated accordingly. For further information about the Debimo 

differential pressure sensor please refer to [11]. The results of the measurements were shown 

in real time on the online system of the operator panel. 

5.2.3 Spray modules 

After determining the initial conditions the pipe diameter was increased to a final diameter of 

200mm. Until this position, the pipe direction was horizontal but with an elbow the flow was 

redirected to a vertical direction top- down. After an approximately 500mm long pipe, two 

installation positions for spray modules were available that could be changed individually. 

With these spray modules the droplets were injected into the system by the use of nozzles. 

The modular system allowed a quick change of the individual spray modules, without being 

very time consuming which was an important property as the modules needed to be changed 

several times. 

Altogether three different spray modules were designed and manufactured to evaluate the 

effect of the spray direction on the efficiency of the volumetric flow reduction. In the first 

module, the spray direction was normal to the air flow direction. In the second module, the 

spray direction was approximately 25° in or against the spray direction, depending on the 

mounting direction. The third module, allowed a spray in or against the moist air flow 

direction, depending on the direction of the installation. Each module was constructed to 

install up to four spray nozzles, shown in Figure 5-5. 
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normal to moist air flow skewed to moist air flow 

 

 

in or against moist air flow 

Figure 5-5: Used spray modules in experiment 

In addition to the different spray directions, it was important to investigate the influence of the 

diameter of the sprayed droplets on the volumetric flow reduction of the moist air. Therefore, 

spray nozzles in three different sizes from the company “Lechler” were used. All nozzles used 

were full cone nozzles and had a spray angle of 90°. The properties of the used nozzles are 

presented in Table 5-1. Figure 5-6 shows a 3D model of the nozzle. 

 

Table 5-1: Used spray nozzle sizes [12] 

*: Definition of D30 and a detailed droplet analysis can be found in the appendices 

**: For type 490.846 a droplet diameter D30 is given at 3 bar and a spray angle of 120° 

0,5 bar 1,0 bar 2,0 bar 3,0 bar 5,0 bar 7,0 bar 10,0 bar

l/min µm °

490.686 5,00 160,6 90 2,87 3,79 5,00 5,99 7,21 8,25 9,52

490.766 8,00 238,6 90 4,59 6,06 8,00 9,41 11,54 13,20 15,22

490.846 12,50 237,4** 90 7,18 9,47 12,50 14,70 18,03 20,63 23,80

D30*

@ 2 bar
Q @ 2bar

l/min

nominal Q at differnt pressure p

Type

Spray-

angle
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Figure 5-6: Full cone nozzle from “Lechler” [12] 

According to the supplier of the nozzles, increasing the pressure decreases the diameter of the 

droplets, therefore, the atomization gets finer. According the data sheets, the mean velocity of 

the nozzle in vertical directions was given between 5 and 6 m/s at nominal flow and pressure 

conditions. Naturally, increasing pressure increases the speed as well. Unfortunately, no 

quantitative statements were available from the supplier, neither to the development of the 

speed nor to the diameter of the droplets in relation to changing the pressure. Datasheets of 

the used nozzles can be found in the appendices. 

All nozzles were applicable for all spray modules and therefore, a large range of influencing 

parameters on the volumetric flow reduction of the moist air was coverable. 

The amount of water sprayed into the vacuum system was adjusted with a ball valve and 

measured with an inductive flowmeter model “Optiflux 4300” from KROHNE. Both 

simultaneous installed modules were individually suppliable with cooling water by adjusting 

the hand valves. 

5.2.4 Glass cylinder 

To make the spray visible a glass cylinder with a diameter of 200mm was installed directly 

after the spray modules. The glass cylinder was manufactured by the company “Ruprechter” 

and a photo is shown in Figure 5-7. To make the atomisation and redirection of the spray 

visible a laboratory screw joint was prepared at the side to insert the spray nozzle directly into 

the glass cylinder. 

 

Figure 5-7: Glass cylinder with laboratory screw joint installed in the experimental setup 
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5.2.5 Measuring pipe 

An approximately 1500mm long pipe was installed and connected to the glass cylinder. In 

this pipe four nipples were welded for measuring the relative humidity after different 

distances from the spray injection, to evaluate the development of the temperature and the 

relative humidity as a function of the dwell time of the droplets in the moist air flow. With the 

temperature the volumetric flow reduction was ascertainable. The four nipples were placed at 

a distance approximately 400mm to each other. 

The measurement of the temperature and the relative humidity was planned to be performed 

with a testo measuring device, which was already available at Andritz AG. It provided an easy 

and comfortable way of measuring the temperature and relative humidity in one step, without 

carrying out any further calculation. Additionally, this device was proven in many other 

applications and provided satisfactory results. Unfortunately, it turned out that high relative 

humidity, close to 100%, and the attendance of droplets greatly distorted the results and made 

them useless. 

Therefore, it was decided instead to use a psychrometer. All the following thermodynamic 

formulations are taken from [1]. With a psychrometer the degree of humidity x and the 

relative humidity φ of moist air flows, can be evaluated. Therefore, two thermometers are 

necessary. The first measures the temperature of the dry air tdry. The second thermometer is 

coated with a moist piece of absorbent cotton and measures the saturated temperature tmoist. 

The principle is shown in Figure 5-8 below: 

 

Figure 5-8: Principle of a psychrometer [1] 

The calculation of the relative humidity was carried out with the measured temperatures using 

the equations from [13]. For detailed information please refer to [13]. 

𝜑 =
𝑒

𝐸𝑑𝑟𝑦
 

(5-1) 

𝐸𝑑𝑟𝑦 = 6,112 ∗ 𝑒
(

17,62∗𝑡𝑑𝑟𝑦

243,12+𝑡𝑑𝑟𝑦
)
 (5-2) 

𝐸𝑚𝑜𝑖𝑠𝑡 = 6,112 ∗ 𝑒
(

17,62∗𝑡𝑚𝑜𝑖𝑠𝑡
243,12+𝑡𝑚𝑜𝑖𝑠𝑡

)
 (5-3) 

𝑒 = 𝐸𝑚𝑜𝑖𝑠𝑡 − 𝛶 ∗ (𝑡𝑑𝑟𝑦 − 𝑡𝑚𝑜𝑖𝑠𝑡) (5-4) 

Commonly, the psychrometer- constant is assumed to be 𝛶 = 0,67. 

The chart from Figure 5-9 was used to estimate the relative humidity directly at the test stand. 
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Figure 5-9: Relative humidity as a function of measured temperatures tdry and tmoist [13] 

The two plugin thermometers used were from the company TFA Wertheim, model 30.1040. 

The measurement was carried out at one of the four nipples in the measuring pipe at one time. 

To prevent air sucking into the vacuum a sealing plate was used between the nipple and 

plugin thermometer. 

 

Figure 5-10: Measurement of the temperature and relative humidity 
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5.2.6 Measurement unit outlet, Debimo sensor 

After the 4
th

 measuring point, the pipe diameter was reduced to 100mm, and with an elbow, 

the flow was redirected in a horizontal direction again. At this position another Debimo 

differential pressure sensor was installed to measure the temperature, volumetric air flow, 

absolute pressure, vacuum level and velocity at the end of the test section. It was intended that 

a difference between the inlet and outlet measurement was computable. As a direct result of 

the high amount of water that accumulated at the bottom of the system the differential 

pressure sensor at the outlet did not provide applicable results. 

5.2.7 Water separator, vacuum pump and extraction pump 

Afterwards the pipe diameter was then reduced to 80mm. The flows of moist air and water 

were forwarded tangential into the existing water separator. The aim of the water separator 

was to separate the moist air flow from the water in the flow. The water was separated to the 

bottom and was sucked out of the separator by use of an extraction pump. The extraction 

pump was necessary due to the large air and water flow in the vacuum system, to improve the 

separation of the moist air flow, and lastly, to prevent too much water being sucked to the 

vacuum pumps. 
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5.3 Experimental methodology 

In the following chapter the methodology and the execution of the experimental are described. 

5.3.1 Matchup of the measuring instruments 

The measuring instruments used were already introduced in chapters 5.2.1 to 5.2.7. Before 

starting the experiment, they were calibrated and compared to each other to ensure that the 

measured results were as realistic as possible. 

Verifying Debimo differential pressure sensor 

The temperature, volumetric air flow, absolute pressure, vacuum level and velocity of the top 

inlet Debimo differential sensor, fit to the results of the other measurement devices. The flow 

speed was verified with a vane anemometer from testo, model 0635 9540. Its latest calibrated 

in 09.2016 by testo Kalibrierdienst and can therefore, be assumed to be accurate. The 

temperature of the Debimo differential pressure sensor was verified with a plugin 

thermometer from TFA Wertheim, model 30.1040. The vacuum height was measured with an 

analogue vacuum manometer from WIKA, model number 111.10.100-1BAR G1/2B. 

In order to verify the Debimo sensor a vacuum was enabled but no water was applied on the 

felt. Therefore, the temperature and the humidity of the air were lower than in the experiment 

afterwards. The reason for this was that a high relative humidity of the moist air, or the 

presence of water droplets in the flow, most likely damages the vane anemometer that was 

used for verification. 

The verification showed that the measured values of the top Debimo differential pressure 

sensor are accurate as observable in Table 5-2. Bottom Debimo differential pressure sensor 

was not calibrated as it was already known that the high attendance of water in the system that 

accumulates around the sensor (lowest position of the system) would lead to dissatisfactory 

results. 

 

Table 5-2: Verification of the top Debimo differential pressure sensor 

Verifying the moist air measurements 

As already described above, the relative humidity was measured according to the 

psychrometric principle. The verification was carried out with a humidity measuring device 

from testo, model 0420 0023, which was calibrated for the last time in 09/2016 by testo 

Kalibrierdienst. Results from this device can therefore, be considered as accurate. 

As the testo humidity measurement device can only handle relative humidity <100% and dry 

air flow without droplets or higher amounts of water, the comparative measurement was 

carried out without adding hot water on the felt. The measurements were carried out twice. 

Firstly, without vacuum (felt was not running and lifted away from the suction box) and 

secondly, with a vacuum reading of approximately -0,15bar relative pressure. Both times, the 

position of the measurement was at the 4
th

 nipple in the measurement section. The results are 

shown as follows in Table 5-3: 

Measuring device Temperature Δp v

°C bar m/s

Top Debimo differential pressure 25,6 -0,14 12,9

Plugin thermometer 25,6 - -

Barometer - -0,15 -

Vane anemometer - - 13,1
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Table 5-3: Verification of the psychrometric principle 

Clearly, the results obtained from the testo humidity measurement device, and the 

psychrometric principle carried out with the plugin thermometer, fit to each other. Therefore, 

it can be assumed that the temperature and relative humidity measured with two plugin 

thermometers are appropriate for this application. 

In Figure 5-11 the utilised measuring devices for verification and matching are shown. 

 

Figure 5-11: Measuring devices for verification of measurements 

  

Tdry Tmoist RH Δp

°C °C % bar

Testo 25,9 - 53 0

Plugin thermometer* 26,0 19,1 52 0

Testo 23,8 - 58 -0,15

Puncture thermometer* 24,2 18,7 59 -0,15

Measuring device
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5.3.2 Parameters to be investigated 

The aim of this experimental was to investigate the influence of different parameters on the 

volumetric flow reduction of the moist air. The parameters are listed below and also how their 

influence on the volumetric flow reduction was evaluated is described. For reasons of time, 

effort and costs not all of them could be treated as preferred. 

1. Flow parameters 

For comparison, exemplary flow parameters of industrial sized machines are shown in Figure 

3-9. 

 Vacuum levels 

Two different vacuum adjustments were used for evaluation. The first Δp was 

approximately 0,15-0,17 bar relative with one vacuum pump in operation. By adding a 

second vacuum pump the vacuum reading Δp increased up to approximately 0,25-

0,28bar relative pressure. As already described, the vacuum values at industrial 

machines are between 0,20 and 0,45bar relative, depending on the vacuum applied 

position. Unfortunately, it was not possible to increase the vacuum any higher as the 

available equipment at the pilot plant was not dimensioned for that big vacuum flows. 

The bottlenecks were the vacuum pumps and the water separators that cannot be 

changed and therefore, it was not possible to run higher vacuum levels. 

 Volumetric flow & velocity of the moist air flow 

The volumetric flow was adjusted by increasing or decreasing the vacuum values. 

Low vacuum levels of approximately 0,15-0,17bar relative (operating one vacuum 

pump) led to moist air flows of approximately 6m
3
/min. High vacuum levels of 

approximately 0,25-0,28bar relative (operating two vacuum pumps) led to moist air 

flows of approximately 9m
3
/min. These flows were by far below the flows of average 

industrial sized machines. 

Depending on the temperature, vacuum level and volumetric flow a certain velocity 

was achieved accordingly. This speed was below the velocity of industrial sized 

machines as well. 

 Temperature of the moist air 

The temperature of the moist air was adjusted by increasing or decreasing the 

temperature of the hot water applied on the felt before the suction box. Two different 

temperatures of the hot water applied on the felt were investigated. The first hot water 

temperature was approximately 65°C, which resulted in a moist air temperature of 

approximately 49-52°C. By increasing hot water temperature up to approximately 

78°C, moist air temperatures of approximately 55-57°C were achieved. 

 Humidity of the moist air 

With the above described procedure the relative humidity φ was measured with 100% 

several times. Consequently, it was not possible to investigate the effect of this 

parameter on the volumetric flow reduction. 

2. Geometry parameters of the piping 

 Length of the pipe 

To simulate the different lengths of the pipes of the different machines, several 

measuring positions were implemented after the spray was injected. They are shown in 

Figure 5-2. The reason for this was to measure the temperature as a function of the 

dwell time of the droplets in the pipe. As the flow speed of the moist air was low 
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compared to industrial sized machines, the dwell time of the spray was higher as well. 

 Shape of the pipe 

It was not possible to try different shapes of the pipe, such as rectangular shaped 

pipes, as the effort and costs for a potential rebuild were too high. 

3. Spray parameters 

 Spray direction 

Various spray modules were used to measure the influence of different spray 

directions. Also, different mounting directions were tested for the skewed and the 

module that sprays in or against the moist air flow direction. The modules are shown 

in Figure 5-5. 

 Size of the droplets 

Three different nozzles with different nominal flows were tested to measure the 

influence of the different size of droplets on the volumetric flow reduction. 

 Pressure, volumetric flow and velocity of the sprayed droplets 

Pressure and velocity of the injected droplets depend on each other. Raising the 

pressure increased the velocity, and therefore, also the volumetric flow of the droplets. 

To investigate the influence on volumetric flow reduction of the moist air, for each of 

the three nozzles three different volumetric cooling flows were tested. The cooling 

flows used for the experiments are shown in Table 5-4. The nominal volumetric flow 

at a pressure of 2bar is shown for each nozzle as well. 

 

Table 5-4: Variation of the flows for the different sizes of nozzles 

 Temperature of the cooling water 

The influence of the temperature of the sprayed water droplets was not investigated as 

the cooling water was taken from the available fresh water line. The temperature of the 

water was measured several times during the experiment and was constant with a 

temperature of 15°C. 

  

Q1 Q2 Q3

l/min l/min l/min l/min

490.686 5,0 3,0 5,0 8,0

490.766 8,0 5,0 8,0 12,0

490.846 12,0 8,0 12,0 15,0

Type

Qnom

@ 2bar

Flows at experiments



58  Experimental investigation 

 

5.3.3 Execution of the experiment 

The experiment was carried out adjusting one parameter after another. After adjusting one of 

the prior described parameters all measured values were recorded to calculate the volumetric 

reduction for each set point. 

The recorded values for each set point were: 

 Initial conditions from Debimo differential pressure sensor 

 Absolute pressure 

 Vacuum level 

 Temperature 

 Volumetric flow 

 Velocity 

 End conditions at measuring pipe (after spray water was injected) 

 Temperature 

Measured with plugin thermometer 

 Spray water parameters 

 Temperature 

Measured several times with plugin thermometer 

 Volumetric water flow and pressure 

Measured with induction flow measurement device 

 Used nozzle 

Due to the time restrictions, not the entire matrix of parameters was varied. Nevertheless, 

more than 100 different conditions with different parameters were tested. Detailed results of 

the experiment are provided in the appendices. 
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5.4 Results and explanation 

After explaining the experimental setup and the methodology in the prior section of the thesis, 

the following chapter provides the results and other findings of the experiment. 

5.4.1 Reduction of used nozzles per system 

It was planned to use up to four nozzles in each spray module to allow higher amounts of 

water to be injected into the system. After starting the procedure with water amounts > 

20l/min it soon became obvious that the high amount of water injected into the system was 

not capable for the available vacuum system. Water and moist air were divided badly in the 

separator and therefore, high amounts of water were sucked into the vacuum pump. This 

resulted in fluctuating vacuum values, volumetric flows and velocities of the moist air. It was 

necessary to reduce the amount of water injected into the system to ensure constant vacuum 

flows and levels. Therefore, only one nozzle was used at a time in a module. 

5.4.2 Process water in the system 

As specified by Andritz at the beginning of this thesis, it was assumed that the water sucked 

out of the pulp sheet or the felt is only a low amount and should not be considered. According 

to this assumption only moist air exists in the system but no process water. As there was a 

glass cylinder installed in the experimental setup to make atomization of the injected spray 

visible, it was discovered that a high amount of process water existed in the system. This is 

shown in the picture in Figure 5-12. In this picture no spray was injected, only the process 

water from the felt is shown. Neglecting the high amount of process water is not allowed thus 

resulting that the heat transfer from the process water to the droplets is high. 

 

Figure 5-12: Flow of process water in the system; Δp≈0,16bar; T≈55°C; V̊≈5,7m3/min 

With a felt measuring device, that gives the water load of a felt, it was discovered that, 

depending on the amount of water applied on the felt and the relative vacuum value, between 

19 and 25 l/min of hot water, were sucked out of the felt and were forwarded into the vacuum 

system. By keeping the amount of hot water applied on the felt and the speed of the felt 

constant, the water amounts sucked out of the felt only depend on the vacuum level: 
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 Low vacuum level (approx. 0,15 - 0,17 bar relative) → approximately 20 l/min 

 High vacuum level (approx. 0,25 - 0,28 bar relative) → approximately 24 l/min 

For calculating the reduction of volumetric flow of the moist air the high amount of process 

water was considered to be cooled as well. For low vacuum levels a process water flow of 

20l/min and for high vacuum levels a process water flow of 24l/min was considered. 

A reduction of the hot water applied was not allowed as it would decrease the temperature of 

the moist air flow in the test system. 

5.4.3 Redirection of the spray 

As already described prior, it was expected that droplets that are sprayed normal or skewed 

into the system will be redirected from the moist air flow. To make this redirection visible the 

installed glass cylinder had implemented a lab screw at the wall to insert a spray nozzle. This 

was done for each of the three nozzles with a flow of 8 l/min to find out if there was a 

difference in the redirection behaviour. The results are shown in the pictures in Figure 5-13. 

For this experiment, no hot water was applied to the felt and the vacuum level was low and 

therefore, also the speed in the pipe was low. 

  

nozzle: 490.686, Qnom = 5 l/min nozzle: 490.766, Qnom = 8 l/min 

 

nozzle: 490.846, Qnom = 12 l/min 

Figure 5-13: Redirection of spray as a function of the droplet diameter; 

Q=8l/min; Δp≈0,16bar; Tmoist_air_in≈28°C; V̊≈6,1m3/min; v≈3,2m/s 
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Evidently there is no redirection of the injected spray, neither for the nozzles with low nor 

with high nominal flow Qnom. Instead of being redirected from the air flow, the spray splashes 

directly onto the wall of the glass cylinder. This means that the water flows down at the wall 

of the pipe. Therefore, the heat transfer decreases rapidly as the high surface to volume ratio 

of the droplets does not exist anymore. A possible reason for the poor redirection might be 

due to the low speed of the moist air flow of approximately 3,2m/s, and the narrow diameter 

of the pipe. 

As there is nearly no redirection visible it is questionable if the redirection would work after 

increasing the flow speed and the diameter of the piping. From this perspective, it would be 

reasonable to continue experimental with modules that spray in the flow direction. 

5.4.4 Detailed results of the experimental setup 

Despite all the issues which occurred, the experiments were continued to figure out at least 

some coherences between the parameters described in chapter 5.3.2 and the reduction of the 

volumetric flow. In the following chapter charts are presented that show the findings. They 

can be understood as tendencies but the experiment needs to be repeated for verification. 

As already mentioned above, in the evaluation, the heat transfer from the large amount of 

process water to the droplets was considered and therefore, the cooling effect of the injected 

droplets was less than expected. It was assumed that the temperature measured with the plugin 

thermometer after injecting the cooling spray is the same for the moist air and the process 

water. The theoretical temperature of the injected spray water was calculated accordingly. 

As the most important effect that should be reached is the reduction of the volumetric flow of 

the moist air, all charts have plotted this parameter on the y- axis. Additionally, a utilization 

factor of the injected water was defined, which is shown in some of the charts as second y- 

axis as well. 

𝜂 = 1 −
𝑇𝑚𝑜𝑖𝑠𝑡_𝑎𝑖𝑟_𝑂𝑈𝑇 − 𝑇𝑠𝑝𝑟𝑎𝑦_𝑂𝑈𝑇

𝑇𝑚𝑜𝑖𝑠𝑡_𝑎𝑖𝑟_𝐼𝑁 − 𝑇𝑠𝑝𝑟𝑎𝑦_𝐼𝑁
 (5-5) 

The utilization factor represents the quotient of the differences between the temperature of the 

moist air and the sprayed water at the outlet to the initial temperatures at the inlet. Both 

temperatures at the inlet and the temperature of the moist air at the outlet were measured. The 

theoretical spray temperature coming from the heat transfer at the outlet was calculated 

according to the measured data. In some charts the utilization factor exceeds 100% which can 

be explained by measuring errors. 

The curves connecting the points in the charts with each other are polynomial curves of 2
nd

 

degree. 

Detailed data of all measured points can be found in the appendices. 

  



62  Experimental investigation 

 

To better understand the charts, the following nomenclature is important: 

 

Table 5-5: Nomenclature for charts 
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5.4.4.1 Influence of vacuum value, volumetric flow and velocity on volumetric flow 

reduction 

 

Figure 5-14: Influence of vacuum level and amount of spray water on volumetric flow 

reduction, normal spray direction 

 

Figure 5-15: Influence of vacuum level and amount of spray water on volumetric flow 

reduction, skewed down spray direction 
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The presented charts show the influence of the vacuum values on the volumetric reduction of 

the moist air flow. Additionally, different nozzles and amounts of spray water were tested and 

their influence on the reduction on the volumetric flow was investigated. This is shown in 

Figure 5-14 for normal and in Figure 5-15 for skewed down spray direction. 

 Increasing the injected water raises the volumetric flow reduction of the moist air. 

 Injecting higher amounts of spray water (approx. > 12l/min) shows that the gradient of 

volumetric flow reduction of moist air decreases slightly. 

 Higher Δp increases the reduction of volumetric flow of the moist air. This is a 

positive aspect as industrial machines run much higher vacuum levels compared to 

those in the experiments and therefore, higher volumetric flow reductions can be 

expected. 

Although there was high water amount in the system (high energy transfer from 

process water to injected spray), this finding can be explained by thermodynamic 

theory. Increasing the vacuum level (=less absolute pressure) leads to higher degree of 

humidity x, which means that the volume- share of vapour in the moist air increases as 

well. Therefore, the volumetric flow reduction potential becomes higher, as the main 

share of the volumetric flow reduction can be repatriated on the vapour share in the 

moist air. 

 

5.4.4.2 Influence of moist air temperature on the volumetric flow reduction 

 

Figure 5-16: Influence of moist air temperature and amount of spray water on volumetric flow 

reduction, skewed down spray direction 
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Figure 5-17: Influence of moist air temperature and amount of spray water on volumetric flow 

reduction, skewed down spray direction 

 

Complementary to the prior described influence of the vacuum level, the same procedure was 

carried out for two temperature levels of the moist air flow. Different nozzles and amounts of 

spray water were tested and their influence on the volumetric reduction of the moist air flow 

was investigated, as shown in Figure 5-16 for normal and for skewed spray direction in Figure 

5-17 as well. 

 Comparable as described in 5.4.4.1, increasing the spray water flow leads to higher 

volumetric flow reduction. 

 Furthermore, higher amounts of water show the tendency of decreasing volumetric 

reduction gradients. In Figure 5-16, trend “Qnom=12; Δp=high” shows a different trend 

compared to all other trends. This might be an outlier. 

 Increasing the temperature of the moist air flow increases the volumetric reduction 

potential as well. 

This effect can be explained thermodynamically as well. For both temperature levels, 

a relative humidity of 100% (saturated air) was measured several times. If the vacuum 

level stays constant, increasing the temperature leads to increased saturated partial 

pressure pd’ and higher degree of humidity x, which increases vapour content of the 

moist air as well. Therefore, volumetric reduction potential increases with higher 

temperatures. 
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5.4.4.3 Influence of the length of the pipe and dwell time on the volumetric flow 

reduction 

 

Table 5-6: Extract of the measured data showing the dwell time of the sprayed droplets 

As given in Table 5-6, no major influence of the dwell time was measured. Dwell time is a 

function of the distance from the injected flow and can therefore be compared between 

measuring positon 1 and 4 of the measuring pipe. 

Analysing detailed data in the appendices shows that occasionally the temperatures were even 

higher with an increased dwell time. This can be explained by fluctuating properties in the 

system or by a measurement error. 

Nonetheless, the results should not assign a too high value, as the spray was splashed directly 

onto the wall after injecting it into the system. Furthermore, the presence of a large amount of 

process water complicated the results. Therefore, it is necessary to verify the influence of the 

dwell time in an upcoming experiment after changing the setup. 

5.4.4.4 Influence of spray direction on volumetric flow reduction of moist air flow 

 

Figure 5-18: Influence of spray direction on volumetric flow reduction and utilization factor; 

Qnom = 12 l/min, Δp = high 

module direction Qnom Q T Δp Tmoist air_out_1 ΔVmoist air_1 Tmoist air_out_4 ΔVmoist air_4 η1 η4

- - l/min l/min °C bar °C % °C % - -

normal - 5 3 l l 47,4 1,13 47,3 1,19% 0,41 0,43

normal - 5 5 l l 46,6 1,97 46,6 1,92% 0,43 0,43

skewed down 12 8 h l 55,8 3,26 54,9 4,53% 0,38 0,47

skewed down 12 15 h l 54,1 5,62 52,8 7,17% 0,40 0,48

normal - 5 3 l h 48,6 2,21 48,6 2,17% 0,86 0,85

skewed down 5 8 h h 52,3 6,00 52,8 5,28% 0,83 0,77

skewed down 8 5 h h 55,5 0,91 55,1 1,54% 0,22 0,31

Classification of the spray
posit ion 4  at  measuring  p ipeposit ion 1 at  measuring  p ipe

Utilization

factor

Thermodynamiup/downally measurements
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Figure 5-19: Influence of spray direction on volumetric flow reduction and utilization factor; 

Qnom = 5 l/min, Δp = low 

In both of the above presented charts two ordinates are used. Beside the volumetric flow 

reduction of the moist air, the utilization factor of water is shown. The utilization factor is 

defined in equation (5-5). Solid trends refer to the volumetric reduction of volume, while 

dashed trends refer to the utilization factor. 

Both charts show the influence of the spray direction with different boundary conditions. In 

Figure 5-18, the nozzle used provided Qnom=12 l/min and the vacuum level Δp was low. In 

Figure 5-19, the nozzle used provided Qnom = 5 l/min and the pressure level was low. 

 

 Once the cooling spray was injected directly in spray direction (down), the highest 

reduction of volumetric flow and highest utilization factors were reached. The second 

best results were reached by injecting the cooling spray normal to the moist air flow 

direction. The worst results were reached with skewed spray directions. Unfortunately, 

due to the time constraints toward the end of the experiments was not possible to test 

the spray direction directly against the moist air flow direction (top). 

 It is not surprising that injecting the spray in the direction of the moist air flow gives 

the highest results for both ordinates, reduction of volumetric flow and utilization 

factor. As explained in chapter 5.4.3, a normal spray direction splashed directly onto 

the wall. A comparable behaviour is expectable for skewed spray directions. In 

comparison to this, injecting the spray in the moist air flow direction does not end up 

in splashing droplets directly onto the wall of the pipe. Therefore, the surface of the 

droplets stays available for condensation. 

 A higher volumetric flow reduction leads to higher utilization factors. 

 Nozzles with a higher nominal flow and high vacuum levels do not only have a higher 

volumetric flow reduction but show a tendency for higher utilization factors. 
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 The trend described in the prior evaluation, that with increasing the flow rate the 

gradient of the volumetric flow reduction decreases, cannot be confirmed in this 

evaluation. 

 In Figure 5-18, some results in the chart exceed 100%. As the utilization factor is the 

result of several measured parameters the exceedance of 100% can be reduced by a 

measuring error or fluctuating boundary conditions. 

5.4.4.5 Influence of different nozzles on the volumetric flow reduction 

 

Figure 5-20: Influence of different nozzle types on volumetric flow reduction and utilization 

factor 

In Figure 5-20, the influence of the injected spray flow on the volumetric flow reduction and 

the utilization factor is shown. For this evaluation all three different nozzle sizes were used. 

The spray direction was adjusted normal to the moist air flow. Temperature and vacuum level 

were low. 

 The highest utilization factor was achieved with the nozzle Qnom = 8 l/min. Also, the 

volumetric flow reduction does not increase much further once the volumetric flow of 

the injected spray is raised to >10l/min. 

 Therefore, injecting approximately 8 l/min with the nozzles Qnom = 8 l/min and Qnom = 

12 l/min seems to be the optimal amount of water injected per nozzle. 

 In this evaluation, it is evident once more that the decreasing gradient of volumetric 

flow reduction relates to increasing spray water flow. 
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5.5 Conclusion of the experimental investigation 

In this chapter an experimental investigation carried out on the Pilot Plant in Andritz AG is 

introduced. The schematic and the boundary conditions of the test stand are described, as well 

as all the used equipment and the measurement devices. With the experiment an investigation 

was executed to determine the effect of different parameters on the volumetric flow reduction. 

It is shown that a high amount of process water exists in the system, which is not allowed to 

be neglected, against the specification from Andritz AG given at the beginning of the thesis. 

The high amount of process water disrupted the results of the experiment. Therefore, the 

experiment needs to be repeated for verification of the results. Despite all the issues, the 

effects of some parameters on the volumetric flow reduction could be presented in this 

chapter. 
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6 Conclusion 

In this master thesis, the thermodynamic saving potential for the vacuum systems of pulp 

drying machines was researched. Owing to the big size and the enormous production of pulp 

drying machines the vacuum system is cost intensive in installation, as well as in operation, 

and the cost saving potential is shown as significant. 

From thermodynamic considerations it was found out that there is a high volumetric flow 

reduction potential for the highly saturated moist air flow. It was shown that the volumetric 

flow reduction can be achieved by cooling down the moist air flow that is coming from the 

dewatering process. The reduction can be divided in two shares. The first share is the increase 

of density due to temperature reduction. The second share is the condensation of the vapour in 

the highly saturated moist air. The condensation of the vapour occupies the weigh bigger 

share. Depending on the temperature, vacuum level and relative humidity, which can be 

assumed to be close to 100%, volumetric flow reductions of up to 40% are possible 

thermodynamically. The reduction of the volumetric flow was carried out by injecting cold 

water droplets into the hot vacuum flow by the use of nozzles. The droplets provided a large 

surface to volume ratio and therefore, high condensation rates can be anticipated. 

Condensation takes place directly on the surface of the droplets. 

In order to determine different flow parameters from the moist air and the injected spray, a 

CFD calculation with ANSYS Fluent 15.0 is carried out. For this purpose the DPM model 

was used together with the enabled energy equation. To simulate condensation of moist air on 

the surface of the sprayed droplets a UDF was implemented into ANSYS Fluent. Applying 

the correct settings it was shown that direct contact condensation can be simulated. Increasing 

the injected spray showed that the DPM model was limited with a maximum injection rate 

occupying 10-12% of the volume of a cell but by far the limit had to be exceeded in this 

project. To solve this issue, it was decided to manipulate the substance properties to reduce 

the volumetric share of the DPM, however the results achieved were not satisfactory. Neither 

the mass share of vapour nor the temperature of the moist air were fitting to the non- 

manipulated trends. Adding linear factors to the mass and energy transfer equation showed 

that this might be a solution but needs additional research effort. Other possible models, such 

as the DDPM or the multiphase model or further continued research with the DPM model 

were described but not followed up in this master thesis. 

As for the dissatisfactory results obtained from the CFD calculation, an experiment at the 

pilot plant at Andritz AG in Graz was carried out. It was necessary to rebuild and modify 

some of the existing available vacuum system. It was not possible to rebuild the existing 

system in a way that it represented the vacuum system of industrial sized machines. A 

compromise between big sized equipment and convenient operation properties (vacuum level 

and flow) was taken. 

The results from the experiments are as follows: 

 Injecting the spray normal to the moist air flow ended up in droplets splashing directly 

onto the wall instead of being redirected in the moist air flow direction, which is most 

likely a result of the low vacuum level reached in the experiment. As a direct result of 

that the condensation cannot appear at the surface of the droplets anymore, which led 

to lower condensation rates. 

 In contraction the assumption of low amount of process water in the system (given by 

Andritz), a high amount was evident. Therefore, not only the moist air flow had to be 

cooled but also the process water. This claimed high energy sources from the injected 

cooling spray which led to much lower volumetric flow reduction than expected. 
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As for the high amount of process water in the system, the experiment needs to be repeat with 

a rebuilt test stand to verify results. Nevertheless, the influence of some parameters can be 

presented: 

 The spray direction seems to be best in the same direction as the moist air flow. All 

other spray directions splashed directly onto the wall of the pipe and condensation 

rates decreased. 

 Higher temperatures and higher vacuum levels resulted in higher volumetric flow 

reductions. 

 Increasing the amount of injected spray water led to increased volumetric flow 

reduction. From a certain level on a decreased gradient of volumetric flow reduction 

occurred. Therefore, the maximum amount of water injected per nozzle would be 

around 8-10l/min per nozzle. From the results, it can be assumed that the best nozzle 

would be Qnom=8l/min. 

 From the experiment, it cannot be forecasted how the behaviour of the volumetric 

flow reduction will develop if more than only one nozzle is used, as this would have 

exceeded the capability of the vacuum system at the pilot plant. 
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7 Next steps 

As the thermodynamic saving potential is very high this project shall be continued based on 

the findings of this master thesis. The results obtained show that it is possible to reduce 

volumetric flow although a high amount of process water was in the vacuum system. The 

justification for putting further effort into this project is that after succeeding, the advantages 

for both, the customer, and Andritz as well, are expected. Andritz can reduce the size of the 

vacuum system which reduces the costs and provides a selling argument as well and lastly, 

the customers need less energy for operating the vacuum system of the pulp drying machine. 

The research will be continued by adapting the test stand. Based on the results of this master 

thesis the next step will be to rebuild the actual test stand. The main modification will be that 

a second water separator will be installed to separate the process water from the moist air 

before the spray is injected, in order not to cool the process water but only the moist air flow. 

This separator will be larger sized to ensure optimal separation between the water and moist 

vacuum flow. A systematic drawing of the adaptation and the rebuild of the test stand is 

shown in Figure 7-1. The rebuild and modifications have already commenced while 

completing this master thesis. Finally, a comparable test programme with the same goals of 

investigating the influencing factors will be carried out. The results obtained in this master 

thesis will be verified and lastly, a basis for a decision to implement the system on an 

industrial sized machine will be taken. 

A CFD calculation will not be continued in the foreseeable future, as the effort would be too 

high, and regardless, all results achieved from a CFD need to be verified by an experiment. 
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Figure 7-1: Rebuild of the existing experiment setup for further research 
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Appendices 

Appendix 1: Description of diameter D10, D20, D30, D32 

 

Important diameters for nozzles; Source: Schlick  
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Appendix 2: Data sheet of the used spray nozzles 

 

Qnom=5l/min; source: Lechler 
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Qnom=8l/min; source: Lechler 
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Qnom=12l/min; source: Lechler   
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Appendix 3: Detailed results of the experiment 

Note: Grey marked headings are calculated values and are based on the measured values (white marked). 

 

module direction Qnom Q T Δp ABS P T v̊ ΔP v v Tmoist air_out_1 φout_1 Δm̊vapour_1 Δmvapour_1 ΔVmoist air_1 Tmoist air_out_4 φout_4 Δm̊vapour_4 Δmvapour_4 ΔVmoist air_4 pw Twin v̊water Twout_1 Twout_4 η1 η4 mH2O_process

- - l/min l/min °C bar Pa °C m3/min bar m/s m/s °C - kg/min % % °C - kg/min % % bar °C l/min °C °C - - l/min

1 normal - 5 3 l l 0,82 48,4 5,7 0,18 12,7 3,18 47,4 1,00 0,03 5,63 1,13% 47,3 1,00 0,03 6,14 1,19% 4,5 15 3,1 27,61 28,11 0,41 0,43 20

2 normal - 5 5 l l 0,83 48,4 5,6 0,17 12,5 3,13 46,6 1,00 0,04 9,99 1,97% 46,6 1,00 0,04 9,95 1,92% 4,5 15 5,1 27,68 27,66 0,43 0,43 20

3 normal - 5 8 l l 0,83 48,5 5,6 0,17 12,4 3,10 46,5 1,00 0,05 11,03 2,18% 45,6 1,00 0,07 15,80 3,07% 4,5 15 7,4 27,04 28,87 0,42 0,50 20

4 skewed down 12 8 l l 0,83 48,9 5,5 0,17 12,5 3,13 46,9 1,00 0,05 10,85 2,18% 46,4 1,00 0,06 13,45 2,66% 4,5 15 8,3 24,88 25,81 0,35 0,39 20

5 skewed down 12 12 l l 0,83 49 5,5 0,17 12,3 3,08 46,4 1,00 0,06 13,96 2,81% 45,2 1,00 0,09 20,14 4,00% 4,5 15 12,4 24,47 25,95 0,36 0,43 20

6 skewed down 12 15 l l 0,84 49,1 5,4 0,16 11,9 2,98 46,1 1,00 0,07 15,96 3,20% 44,6 1,00 0,10 23,19 4,62% 4,5 15 15,1 23,94 25,29 0,35 0,43 20

7 normal - 5 3 h l 0,85 56,7 5,4 0,15 11,9 2,98 55,4 1,00 0,05 7,89 2,01% 55,1 1,00 0,06 9,62 2,41% 4,5 15 3,3 34,64 36,82 0,50 0,56 20

8 normal - 5 5 h l 0,85 57,1 5,7 0,15 11,9 2,98 55,3 1,00 0,07 10,67 2,76% 54,6 1,00 0,10 14,21 3,66% 4,5 15 5,1 34,05 37,14 0,50 0,59 20

9 normal - 5 8 h l 0,84 57,6 5,6 0,16 12,1 3,03 55,5 1,00 0,09 12,21 3,25% 54,4 1,00 0,13 17,67 4,70% 4,5 15 7,6 30,84 34,17 0,42 0,53 20

10 skewed down 12 8 h l 0,84 57,9 5,8 0,16 12,2 3,05 55,8 1,00 0,09 12,09 3,26% 54,9 1,00 0,13 16,91 4,53% 4,6 15 8,1 29,37 32,14 0,38 0,47 20

11 skewed down 12 12 h l 0,84 57,9 5,3 0,16 11,8 2,95 55,3 1,00 0,11 14,86 4,00% 53,9 1,00 0,15 21,30 5,76% 4,5 15 11,7 27,57 30,07 0,35 0,44 20

12 skewed down 12 15 h l 0,83 57,9 5,2 0,17 11,9 2,98 54,1 1,00 0,15 20,52 5,62% 52,8 1,00 0,20 26,10 7,17% 4,5 15 14,7 28,52 30,32 0,40 0,48 20

13 normal - 5 3 l h 0,76 50,4 8,3 0,24 19,3 4,83 48,6 1,00 0,07 9,85 2,21% 48,6 1,00 0,07 9,80 2,17% 4,5 15 3,1 43,49 43,43 0,86 0,85 24

14 normal - 5 5 l h 0,74 50,8 9,4 0,26 21,1 5,28 48,5 1,00 0,11 12,69 2,94% 48,5 1,00 0,11 12,65 2,89% 4,5 15 5 39,56 39,52 0,75 0,75 24

15 normal - 5 8 l h 0,74 50,8 9,5 0,26 20,2 5,05 48,3 1,00 0,11 13,68 3,17% 47,7 1,00 0,13 16,58 3,81% 4,5 15 7,8 33,58 35,51 0,59 0,66 24

16 normal - 8 5 l h 0,74 50,9 9,6 0,26 22,1 5,53 48,6 1,00 0,11 12,75 2,96% 48,9 1,00 0,10 11,23 2,57% 4,5 15 5,1 37,98 36,35 0,70 0,65 24

17 normal - 8 8 l h 0,75 51 8,7 0,25 21,5 5,38 48,2 1,00 0,12 15,22 3,52% 47,4 1,00 0,16 19,03 4,38% 4,5 15 8,2 35,18 37,61 0,64 0,73 24

18 normal - 8 10 l h 0,73 51,2 8,6 0,27 20,3 5,08 47,5 1,00 0,17 19,71 4,69% 46,4 1,00 0,21 24,84 5,89% 4,5 15 10,3 36,40 39,08 0,69 0,80 24

19 normal - 12 8 l h 0,75 51,8 9,2 0,25 20,2 5,05 46,8 1,00 0,22 25,72 6,16% 46,6 1,00 0,23 26,59 6,33% 4,5 15 7,8 48,79 49,39 1,05 1,08 24

20 normal - 12 12 l h 0,75 52,4 8,6 0,25 19,9 4,98 46,9 1,00 0,23 27,94 6,84% 46,5 1,00 0,25 29,64 7,24% 4,5 15 11,8 39,44 40,21 0,80 0,83 24

21 normal - 12 15 l h 0,77 51,9 8,3 0,23 18,9 4,73 45,6 1,00 0,25 31,37 7,42% 46,5 1,00 0,22 27,37 6,43% 4,5 15 15,4 33,77 32,44 0,68 0,62 24

22 skewed down 5 3 l h 0,74 51 8,8 0,26 19,4 4,85 49,7 1,00 0,06 7,87 1,81% 49,5 1,00 0,07 8,82 2,00% 4,5 15 3,3 38,00 39,48 0,67 0,72 24

23 skewed down 5 5 l h 0,75 50,5 9,8 0,25 20 5,00 48,9 1,00 0,07 8,94 2,03% 48,6 1,00 0,09 10,41 2,33% 4,5 15 5,2 32,73 34,22 0,54 0,59 24

24 skewed down 5 8 l h 0,72 50,5 9,6 0,28 21,3 5,33 47,5 1,00 0,14 16,06 3,76% 47,1 1,00 0,16 18,01 4,18% 4,5 15 8 36,39 37,75 0,69 0,74 24

25 skewed down 8 5 l h 0,73 50,3 9,8 0,27 20,3 5,08 49,6 1,00 0,03 4,15 0,96% 48,9 1,00 0,06 7,74 1,75% 4,5 15 5,2 25,69 29,38 0,32 0,45 24

26 skewed down 8 8 l h 0,74 50,9 9,2 0,26 20,2 5,05 48,6 1,00 0,10 12,75 2,96% 47,8 1,00 0,13 16,63 3,84% 4,5 15 8,3 31,83 34,24 0,53 0,62 24

27 skewed down 8 10 l h 0,74 50,6 9,2 0,26 20,3 5,08 47,4 1,00 0,14 17,02 3,93% 46,2 1,00 0,18 22,82 5,23% 4,5 15 11,8 31,35 33,88 0,55 0,65 24

28 skewed down 12 8 l h 0,76 51,2 8,6 0,24 8,9 2,23 50,2 1,00 0,05 6,28 1,42% 49,2 1,00 0,09 11,38 2,57% 4,5 15 7,6 25,43 28,81 0,32 0,44 24

29 skewed down 12 12 l h 0,76 51,3 8,4 0,24 15,5 3,88 48,8 1,00 0,11 13,90 3,20% 47,8 1,00 0,15 18,62 4,28% 4,5 15 12,2 27,54 29,48 0,41 0,50 24

30 skewed down 12 15 l h 0,74 51,3 8,7 0,26 19,4 4,85 47,1 1,00 0,18 22,04 5,22% 45,5 1,00 0,24 29,39 6,95% 4,5 15 15,1 31,80 34,34 0,58 0,69 24

31 normal - 5 3 h h 0,76 57,2 8,9 0,24 19,6 4,90 56,7 1,00 0,03 3,16 0,91% 56,2 1,00 0,07 6,14 1,71% 4,5 15 3,1 29,76 36,39 0,36 0,53 24

32 normal - 5 5 h h 0,75 56,9 8,5 0,25 19,2 4,80 55,8 1,00 0,07 6,88 1,94% 55,1 1,00 0,11 11,05 3,08% 4,5 15 5,2 31,87 37,06 0,43 0,57 24

33 normal - 5 8 h h 0,76 56,7 8,3 0,24 18,9 4,73 54,6 1,00 0,13 12,47 3,46% 53,6 1,00 0,18 17,22 4,79% 4,5 15 8 34,35 38,22 0,51 0,63 24

34 normal - 8 5 h h 0,76 56,9 8,4 0,24 19,2 4,80 55,6 1,00 0,08 8,06 2,25% 55,1 1,00 0,11 11,01 3,04% 4,5 15 5,4 32,70 36,25 0,45 0,55 24

35 normal - 8 8 h h 0,76 56,7 8,5 0,24 19,6 4,90 53,8 1,00 0,17 16,31 4,56% 53,2 1,00 0,20 19,11 5,33% 4,5 15 8,3 38,22 40,48 0,63 0,69 24

36 normal - 8 10 h h 0,74 56 9,2 0,26 20,4 5,10 52,2 1,00 0,22 20,43 5,71% 52,1 1,00 0,23 20,87 5,80% 4,5 15 10,5 37,11 37,40 0,63 0,64 24

37 normal - 12 8 h h 0,74 56,2 9,2 0,26 20 5,00 53,9 1,00 0,14 13,21 3,70% 53,6 1,00 0,16 14,65 4,07% 4,5 15 8,3 33,22 34,40 0,50 0,53 24

38 normal - 12 12 h h 0,77 56,2 8,3 0,23 19,2 4,80 52,2 1,00 0,21 21,26 5,82% 52,2 1,00 0,21 21,23 5,77% 4,5 15 12,1 33,64 33,63 0,55 0,55 24

39 normal - 12 15 h h 0,77 56,3 8,4 0,23 19,6 4,90 50,4 1,00 0,31 30,06 8,28% 50,8 1,00 0,29 28,21 7,73% 4,5 15 15,5 36,03 35,26 0,65 0,62 24

40 skewed down 5 3 h h 0,74 55,9 9 0,26 20 5,00 55,4 1,00 0,04 3,33 0,92% 55,2 1,00 0,05 4,56 1,22% 4,5 15 2,7 29,50 32,58 0,37 0,45 24

41 skewed down 5 5 h h 0,74 56,1 8,8 0,26 19,5 4,88 53,8 1,00 0,14 13,14 3,67% 53,5 1,00 0,15 14,59 4,04% 4,5 15 5,2 43,46 45,29 0,75 0,80 24

42 skewed down 5 8 h h 0,75 56,3 8,6 0,25 19,3 4,83 52,3 1,00 0,21 21,42 6,00% 52,8 1,00 0,19 19,00 5,28% 4,5 15 7,2 45,38 43,26 0,83 0,77 24

43 skewed down 8 5 h h 0,75 56 8,7 0,25 19,6 4,90 55,5 1,00 0,03 3,30 0,91% 55,1 1,00 0,06 5,80 1,54% 4,5 15 5,1 23,49 26,71 0,22 0,31 24

44 skewed down 8 8 h h 0,75 56,6 8,5 0,25 20 5,00 54,8 1,00 0,12 10,98 3,06% 53,8 1,00 0,17 15,79 4,41% 4,5 15 8,2 32,19 36,17 0,46 0,58 24

45 skewed down 8 10 h h 0,76 56,7 8,8 0,24 19,4 4,85 53,9 1,00 0,17 15,83 4,43% 54,5 1,00 0,14 12,91 3,56% 4,5 15 10,4 30,34 28,43 0,43 0,37 24

46 skewed down 12 8 h h 0,76 57,2 8,8 0,24 19,2 4,80 55,6 1,00 0,10 9,76 2,76% 55,6 1,00 0,10 9,72 2,71% 4,5 15 8,3 27,47 27,43 0,33 0,33 24

47 skewed down 12 12 h h 0,75 56,8 8,8 0,25 19,4 4,85 53,8 1,00 0,18 16,89 4,79% 52,6 1,00 0,24 22,46 6,37% 4,5 15 12,6 32,08 35,09 0,48 0,58 24

48 skewed down 12 15 h h 0,75 57,3 8,5 0,25 18,3 4,58 52,4 1,00 0,28 25,77 7,50% 51,5 1,00 0,33 29,70 8,63% 4,5 15 15,3 35,70 37,48 0,61 0,67 24
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from felt

Utilization
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82  Appendices 

 

 
 

module direction Qnom Q T Δp ABS P T v̊ ΔP v v Tmoist air_out_1 φout_1 Δm̊vapour_1 Δmvapour_1 ΔVmoist air_1 Tmoist air_out_4 φout_4 Δm̊vapour_4 Δmvapour_4 ΔVmoist air_4 pw Twin v̊water Twout_1 Twout_4 η1 η4 mH2O_process

- - l/min l/min °C bar Pa °C m3/min bar m/s m/s °C - kg/min % % °C - kg/min % % bar °C l/min °C °C - - l/min

49 normal - 8 5 l l 0,84 49,5 5,8 0,16 12,4 3,10 48,3 1,00 0,03 6,43 1,33% 47,6 1,00 0,05 10,03 2,02% 4,5 15 4,8 27,09 29,44 0,39 0,47 20

50 normal - 8 8 l l 0,84 50,3 5,8 0,16 12,8 3,20 46,9 1,00 0,09 17,53 3,68% 45,9 1,00 0,12 22,35 4,65% 4,5 15 7,8 33,75 35,80 0,63 0,71 20

51 normal - 8 10 l l 0,84 50,8 5,7 0,16 12,9 3,23 46,4 1,00 0,12 22,46 4,79% 45,3 1,00 0,15 27,56 5,85% 4,5 15 10 33,68 35,43 0,64 0,72 20

52 normal - 12 8 l l 0,84 51,2 5,8 0,16 13 3,25 46,8 1,00 0,12 22,51 4,87% 46,8 1,00 0,12 22,48 4,83% 4,5 15 8,3 34,86 34,84 0,67 0,67 20

53 normal - 12 12 l l 0,85 51,4 5,8 0,15 13,1 3,28 45,4 1,00 0,16 29,73 6,45% 45,8 1,00 0,15 27,90 6,01% 4,5 15 12,1 32,81 32,28 0,65 0,63 20

54 normal - 12 15 l l 0,84 51,2 5,9 0,16 13,4 3,35 44,6 1,00 0,18 32,15 7,01% 45,2 1,00 0,16 29,78 6,43% 4,5 15 15 30,63 30,06 0,61 0,58 20

55 skewed down 5 3 l l 0,83 51 5,9 0,17 12,8 3,20 50,5 1,00 0,02 3,18 0,68% 50,3 1,00 0,02 4,36 0,89% 4,5 15 3,1 23,12 24,47 0,24 0,28 20

56 skewed down 5 5 l l 0,84 50,8 6 0,16 13 3,25 49,3 1,00 0,05 8,51 1,80% 49,1 1,00 0,05 9,45 1,96% 4,5 15 5,2 27,19 27,82 0,38 0,41 20

57 skewed down 5 8 l l 0,83 50,8 6 0,17 12,9 3,23 48,4 1,00 0,07 12,93 2,77% 48,2 1,00 0,08 13,86 2,93% 4,5 15 7,2 28,52 28,98 0,44 0,46 20

58 skewed down 8 5 l l 0,84 50,6 5,9 0,16 13 3,25 50 1,00 0,02 3,85 0,80% 49,4 1,00 0,04 6,81 1,39% 4,5 15 4,2 23,76 26,15 0,26 0,35 20

59 skewed down 8 8 l l 0,83 50,4 6,1 0,17 13,1 3,28 48,9 1,00 0,04 8,20 1,74% 47,8 1,00 0,07 13,63 2,85% 4,5 15 7,6 25,54 28,00 0,34 0,44 20

60 skewed down 8 10 l l 0,84 50,3 6 0,16 13,2 3,30 48,2 1,00 0,06 11,11 2,33% 46,6 1,00 0,10 18,96 3,94% 4,5 15 10,4 25,65 28,15 0,36 0,48 20

61 normal - 8 5 h l 0,84 56,1 6,2 0,16 13,3 3,33 53,5 1,00 0,10 14,21 3,62% 52,8 1,00 0,13 17,52 4,44% 4,5 15 5,2 40,27 43,22 0,68 0,77 20

62 normal - 8 8 h l 0,83 56,1 6,3 0,17 3,3 0,83 51,9 1,00 0,16 21,84 5,64% 51 1,00 0,20 25,98 6,68% 4,5 15 8,1 40,45 42,89 0,72 0,80 20

63 normal - 8 10 h l 0,84 56 6,1 0,16 13,3 3,33 50,8 1,00 0,19 26,41 6,75% 49,8 1,00 0,22 30,76 7,84% 4,5 15 9,9 39,55 41,54 0,73 0,80 20

64 normal - 12 8 h l 0,83 55,7 6,4 0,17 14 3,50 51,6 1,00 0,16 21,27 5,41% 51,1 1,00 0,17 23,61 5,98% 4,5 15 8,4 37,74 39,04 0,66 0,70 20

65 normal - 12 12 h l 0,84 55,9 6,3 0,16 13,4 3,35 50,4 1,00 0,20 27,79 7,07% 50,4 1,00 0,20 27,76 7,03% 4,5 15 12,6 34,00 33,98 0,60 0,60 20

66 normal - 12 15 h l 0,84 55,7 6,3 0,16 14 3,50 48,8 1,00 0,24 33,16 8,45% 48,3 1,00 0,25 34,95 8,89% 4,5 15 15,1 34,72 35,27 0,65 0,68 20

67 skewed down 5 3 h l 0,83 55,7 6,4 0,17 13,6 3,40 53,6 1,00 0,08 11,55 2,93% 53,5 1,00 0,09 12,01 3,01% 4,5 15 3,5 42,91 43,52 0,74 0,75 20

68 skewed down 5 5 h l 0,83 55,8 6,4 0,17 13,8 3,45 52,8 1,00 0,12 16,02 4,08% 52,5 1,00 0,13 17,43 4,41% 4,5 15 5,4 41,39 42,64 0,72 0,76 20

69 skewed down 5 8 h l 0,84 56,4 6,3 0,16 13,9 3,48 51,5 1,00 0,18 25,06 6,49% 51,3 1,00 0,19 25,94 6,69% 4,5 15 7,4 44,29 44,84 0,83 0,84 20

70 skewed down 8 5 h l 0,84 56 6,2 0,16 13,6 3,40 54,5 1,00 0,06 8,77 2,21% 53,8 1,00 0,09 12,17 3,05% 4,5 15 4,7 32,71 35,97 0,47 0,57 20

71 skewed down 8 8 h l 0,83 56,3 6,3 0,17 14,3 3,58 52,8 1,00 0,14 18,62 4,83% 51,8 1,00 0,17 23,24 6,01% 4,5 15 8 37,23 39,96 0,62 0,71 20

72 skewed down 8 10 h l 0,84 56,3 6,2 0,16 13,9 3,48 54,8 1,00 0,06 9,01 2,28% 50,8 1,00 0,20 27,74 7,14% 4,5 15 10,8 28,89 36,67 0,37 0,66 20

73 up/down down 5 3 l l 0,85 48,5 5,9 0,15 13 3,25 47,3 1,00 0,03 6,67 1,31% 47,2 1,00 0,03 7,17 1,37% 4,5 15 3,4 28,51 28,95 0,44 0,46 20

74 up/down down 5 5 l l 0,84 48,9 5,8 0,16 13,1 3,28 47 1,00 0,05 10,31 2,06% 46,8 1,00 0,05 11,32 2,22% 4,5 15 4,8 30,39 31,05 0,51 0,54 20

75 up/down down 5 8 l l 0,84 48,9 5,8 0,16 12,8 3,20 45,9 1,00 0,08 16,09 3,19% 45,2 1,00 0,09 19,68 3,86% 4,5 15 7,7 30,94 32,35 0,56 0,62 20

76 up/down down 12 8 l l 0,84 49,2 5,8 0,16 12,9 3,23 44,9 1,00 0,11 22,43 4,51% 45,4 1,00 0,10 19,96 3,97% 4,5 15 8,4 32,44 31,51 0,64 0,59 20

77 up/down down 12 12 l l 0,84 49,5 5,6 0,16 12,4 3,10 44,7 1,00 0,12 24,46 4,99% 44,3 1,00 0,13 26,02 5,29% 4,5 15 12,2 29,81 30,22 0,57 0,59 20

78 up/down down 12 15 l l 0,84 48,8 5,8 0,16 12,8 3,20 44,5 1,00 0,12 24,84 4,96% 48,8 1,00 0,11 23,98 4,74% 4,5 15 15,6 25,95 19,75 0,45 0,14 20

79 up/down down 8 5 l l 0,84 49,5 5,8 0,16 13 3,25 45,3 1,00 0,11 21,77 4,43% 45,8 1,00 0,09 19,22 3,87% 4,5 15 5,2 42,30 40,77 0,91 0,85 20

80 up/down down 8 8 l l 0,85 49,5 5,9 0,15 12,4 3,10 42,8 1,00 0,15 31,89 6,55% 43,4 1,00 0,14 29,52 6,00% 4,5 15 8,2 41,65 40,76 0,97 0,92 20

81 up/down down 8 10 l l 0,84 49,4 5,8 0,16 12,6 3,15 41,8 1,00 0,17 35,46 7,35% 41,7 1,00 0,17 35,81 7,39% 4,5 15 10,2 40,97 41,08 0,98 0,98 20

82 up/down down 12 8 l h 0,72 51,5 9 0,28 19,5 4,88 47,3 1,00 0,20 22,19 5,39% 47,9 1,00 0,17 19,35 4,66% 4,5 15 8,4 40,01 38,12 0,80 0,73 24

83 up/down down 12 12 l h 0,73 51,9 8,8 0,27 19,5 4,88 45,7 1,00 0,25 31,19 7,66% 46,1 1,00 0,24 29,39 7,17% 4,5 15 12 39,82 39,05 0,84 0,81 24

84 up/down down 12 15 l h 0,74 51,8 8,2 0,26 18,9 4,73 43,5 1,00 0,32 38,98 9,56% 43,8 1,00 0,32 37,92 9,24% 4,5 15 15,1 41,43 41,05 0,94 0,93 24

85 skewed up 5 3 l h 0,74 51 9 0,26 19,3 4,83 50,1 1,00 0,05 5,75 1,32% 49,8 1,00 0,06 7,33 1,65% 4,5 15 3,1 33,48 36,03 0,54 0,62 24

86 skewed up 5 5 l h 0,72 51,4 9,2 0,28 20 5,00 50 1,00 0,07 8,75 2,07% 49,5 1,00 0,09 11,15 2,63% 4,5 15 5,2 32,70 35,19 0,52 0,61 24

87 skewed up 5 8 l h 0,72 50 9,8 0,28 22,3 5,58 47,4 1,00 0,12 13,76 3,18% 46,8 1,00 0,14 16,79 3,83% 4,5 15 7,7 34,49 36,59 0,63 0,71 24

88 skewed up 8 5 l h 0,73 50 9,8 0,27 20,2 5,05 48,5 1,00 0,07 8,04 1,85% 48,8 1,00 0,05 6,42 1,45% 4,5 15 4,8 29,78 28,02 0,47 0,41 24

89 skewed up 8 8 l h 0,73 50,5 8,9 0,27 19,6 4,90 46,5 1,00 0,17 20,94 4,86% 46,9 1,00 0,15 18,95 4,36% 4,5 15 8,4 37,85 36,65 0,76 0,71 24

90 skewed up 8 10 l h 0,75 50,8 8,2 0,25 19,4 4,85 45,5 1,00 0,20 27,09 6,25% 45,8 1,00 0,19 25,65 5,88% 4,5 15 10,2 39,44 38,77 0,83 0,80 24

91 skewed up 12 8 l h 0,75 49,6 9,1 0,25 19,4 4,85 47,8 1,00 0,07 9,69 2,15% 47,1 1,00 0,10 13,31 2,90% 4,5 15 8,4 27,60 29,63 0,42 0,50 24

92 skewed up 12 12 l h 0,76 49,6 9,1 0,24 20,1 5,03 46,8 1,00 0,11 14,87 3,25% 45,6 1,00 0,15 20,95 4,54% 4,5 15 12 28,86 31,26 0,48 0,59 24

93 skewed up 12 15 l h 0,76 49,8 8,2 0,24 20 5,00 44,9 1,00 0,19 25,21 5,55% 43,8 1,00 0,22 29,50 6,52% 4,5 15 15,1 32,49 33,86 0,64 0,71 24

94 skewed up 5 3 h h 0,74 56,9 8,7 0,26 18,9 4,73 55,3 1,00 0,10 9,93 2,83% 54,9 1,00 0,13 12,17 3,43% 4,5 15 3,7 45,57 49,55 0,77 0,87 24

95 skewed up 5 5 h h 0,74 56,4 8,6 0,26 19,4 4,85 54,2 1,00 0,13 12,84 3,61% 54 1,00 0,14 13,79 3,85% 4,5 15 5,2 42,20 43,39 0,71 0,74 24

96 skewed up 5 8 h h 0,73 56,6 8,9 0,27 19 4,75 52,4 1,00 0,25 22,58 6,52% 52 1,00 0,27 24,41 7,02% 4,5 15 7,8 49,21 50,84 0,92 0,97 24

97 skewed up 8 5 h h 0,75 56,4 8,4 0,25 18,7 4,68 54 1,00 0,14 13,78 3,84% 54 1,00 0,14 13,74 3,80% 4,5 15 5,1 43,10 43,05 0,74 0,74 24

98 skewed up 8 8 h h 0,76 56,3 8,9 0,24 18,6 4,65 52,5 1,00 0,20 20,41 5,65% 52,2 1,00 0,22 21,79 6,01% 4,5 15 8,2 42,58 43,64 0,76 0,79 24
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Research on volumetric reduction of a highly saturated vacuum flow 83 

 

 

module direction Qnom Q T Δp ABS P T v̊ ΔP v v Tmoist air_out_1 φout_1 Δm̊vapour_1 Δmvapour_1 ΔVmoist air_1 Tmoist air_out_4 φout_4 Δm̊vapour_4 Δmvapour_4 ΔVmoist air_4 pw Twin v̊water Twout_1 Twout_4 η1 η4 mH2O_process

- - l/min l/min °C bar Pa °C m3/min bar m/s m/s °C - kg/min % % °C - kg/min % % bar °C l/min °C °C - - l/min

99 skewed up 8 10 h h 0,75 56,4 8,7 0,25 18,9 4,73 51,2 1,00 0,27 27,02 7,61% 51 1,00 0,28 27,91 7,83% 4,5 15 10,1 44,73 45,28 0,84 0,86 24

100 skewed up 12 8 h h 0,74 56,2 8,8 0,26 19,4 4,85 53,8 1,00 0,14 13,70 3,84% 53,7 1,00 0,15 14,15 3,93% 4,5 15 8,6 32,23 32,57 0,48 0,49 24

101 skewed up 12 12 h h 0,74 56 8,9 0,26 20 5,00 52,3 1,00 0,20 19,95 5,58% 52,5 1,00 0,19 18,94 5,26% 4,5 15 12,3 32,15 31,63 0,51 0,49 24

102 skewed up 12 15 h h 0,75 55,8 9,4 0,25 20,1 5,03 50,3 1,00 0,30 28,39 7,82% 50,7 1,00 0,28 26,48 7,25% 4,5 15 15,1 35,48 34,64 0,64 0,61 24

103 up/down down 12 8 h h 0,74 56,3 9 0,26 19,3 4,83 52,6 1,00 0,21 20,06 5,67% 52,5 1,00 0,22 20,50 5,76% 4,5 15 8,3 42,15 42,51 0,75 0,76 24

104 up/down down 12 12 h h 0,75 56,4 9,2 0,25 18,9 4,73 50,5 1,00 0,29 30,21 8,52% 51,2 1,00 0,26 26,99 7,57% 4,5 15 12 40,86 39,21 0,77 0,71 24

105 up/down down 12 15 h h 0,72 56,5 9 0,28 19,8 4,95 48,3 1,00 0,43 39,18 11,55% 48,9 1,00 0,41 37,05 10,85% 4,5 15 15,3 44,59 43,62 0,91 0,87 24

106 up/down down 12 8 l h 0,75 50 8,3 0,25 19,6 4,90 45,3 1,00 0,18 24,19 5,41% 45,8 1,00 0,16 21,68 4,82% 4,5 15 7,4 44,29 42,67 0,97 0,91 24

107 up/down down 12 12 l h 0,74 50,8 0,2 0,26 19,2 4,80 44,2 1,00 0,29 32,46 7,61% 44,2 1,00 0,29 32,42 7,57% 4,5 15 11,3 45,35 45,33 1,03 1,03 24

108 up/down down 12 15 l h 0,75 51,6 9 0,25 19,1 4,78 42 1,00 0,36 43,31 10,52% 42,2 1,00 0,36 42,60 10,31% 4,5 15 14,9 45,80 45,54 1,10 1,09 24
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